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Preface g
The purpose of this study was to analyze the feasibility of ' ,
implementing Artificial Intelligence techniques to increase :
autonomy for orbiting spacecraft. Al advances in the area of iiﬁiiifff;
expert systems offer practical applications in many fields. The ' b

development of an expert <cystem to provide routine housekeeping
tasks on a satellite could reduce the dependence on vulnerable

ground control centers. ' .

A cost analysis was done to determine the wvalue of an
autonomous spacecraft expert system in comparison to the current , :
ground system. Initial +figures indicate that expert systems can
be cost effective and increase satellite autonomy. More work
needs to be done to reduce the size and weight of current Al L
machines and develop them for space application, but the expert

system design process should begin soon. 5QQ}KT;‘f

During the research for, and writing of, this thesis I have
had significant help along the way that deserves recognition. 1
would 1like to thank my faculty advisor, Lt Col Mekaru, for his 1,_..j
critical eye and guiding hand. I would also like to express |
appreciatioh to Capt Steve Cross for technical advice and to Capt
Ed Gjermundsen and the Air Force Space Technology Center for - d
encouragement. Finally, I wish to thank my wife and typist, Joy,
for her understanding and assistance throughout tﬁis entire ool

project. - ’

Michael A. Wright
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Abstract

. A/) This ﬁéﬁé; determined the feasibility of implementing
Artificial Intelligence techniques on orbiting spacecraft.

G The main th:;’u:tdtrwai"t:a":t)waluate the current technology of
expert systemsA amc:lc‘7 determine their wvalue to satellite
tasking. The goal for an expert system to be effective was

;. that it must be able to perform spacecraft stationkeeping

without ground assistance.

Analysis began by outlining the basic functions of the

ii DSCS 1IIl and noting deficiencies as measured against an
E- Y= au tonomy scale.JL//Many of the defeciencies could be
E corrected wi th conventional computer programming, but
Ei stationkeeping required Al techniques for proper execution.
4 Expert systems were then examined and studied for
E; applicability to the primary task of orbit maintenance.

L R, an expert system designed to perform computer

configuration, was found to be a good baseline for
comparison and further development. The process of orbit

maintenance, as currently done by human experts, was

explained and outlined for expert system design. Finally,
a cost analysis provided information which supported jffF

fur ther development of Al technology for spacecra+ft

implementation. — .i;’
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ARTIFICIAL INTELLIGENCE for SATELLITE PLATFORMS

Section 1

Introduction

|

Many human mental activities such as writing
computer programs, doing mathematics, engaging in
commonsense reasoning, and understanding language
are said to demand "intelligence." There are ) }
- computer systems that can diagnose diseases, plan B
» the synthesis of complex organic chemical S
compounds, solve differential equations in Lo
symbol ic form, analyze electronic circuits,
understand 1limited amounts of human speech and
natural language text, or write small computer A
programs to meet formal specifications. We might —t
say that such systems possess some degree of IR
*artificial intelligence® (19:1). e

B}

Progress in the field of Artificial Intelligence (Al)

i is making it possible to realize practical applications in :ff]
almost every field. A facet of the aArtificial

Intelligence research and development is the ;:f%

> implementation of "expert systems," or smart computers —
(6:4). Professional people have found expert systems to be |

of tremendous potential value in daily operations. By

P performing as a Kknowledge base capable of analyzing s 1
complicated problems and providing the required solution, :

expert systems can augment or replace engineering

e
.
) el
Lt .
P B N L I

» specialists. -
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As a scientific discipline, Artificial Intelligence is

not clearly defined. In fact, it is interpreted quite

! differently by people with varying backgrounds. However,
for this study, analysis will be limited to that aspect of

Artificial Intelligence involving expert systems. It might

l ) be helpful at this point to define Al and expert systems

and a conventional computer.

4 A conventional computer is a machine that performs
rapid, often complex calculations using stored instructions
and information. A digital computer, the most common type,
uses numbers in a binary <format to perform logical and
numerical calculations. In contrast, an analog computer

uses voltages instead of numbers and manipulates numerical

representations of data. Electronic computers can process
data at extremely high rates of speed. Even the slowest of

current computers operate at speeds in excess of 1/100th of

_ a second. That means that a typical computer can process a

» transaction in 1less time than a blink of the eyes.
Computers can store information in memory banks which are
capable of holding thousands of pages of data. This S
enables the wuser to program computers to solve difficult |
and time-consuming problems using simple commands which

trigger more complex procedures within the computer. Most -

S

SR
problems take advantage of the algorithmic/number crunching If~1ﬂ
capabilities. The basic process is to input programs and ]
procedures which solve a typical problem, let the computer - 4

manipulate the data, and the result will be an organized,

. - . . L. P PR D W LT, et . . - . A T e e
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correlated output.

Artificial Intelligence is a concept which is derived
from the idea of making computers behave in ways that mimic
intelligent human behavior. In many cases problems do not
lend themselves to strictly algorithmic solutions.
Scientists and researchers who pursue Al are attempting to
build a computer system that can learn or understang from
experience, much the same as humans are said to dSEJ/An
artifically intelligent machine has to be able to respond
quickly and successfully to new situations. Its knowledge
base is compiled of extensive data which has been input by
experts in a particular field of science. Al is not an
attempt to replicate the human race. 1It is unrealistic to
expect computers to feel emotion and respond in all
situations, but it certainly might be possible to build a
machine that can solve problems faster and better than man
and one which is capable of expanding its data base with
increased experience in the problem solving realm (4:9).
Artificial intelligence has begun the process by building

"expert systems."

An expert system is a computer program capable of
maintaining a vast Kknowledge base about a particular
subject area, such as medicine or mineral exploration, and
can use- sophisticated problem solving techniques to get
results beyond the reach of conventionally programmed

computers, The importance of Al stems from the fact that
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these machines can be used by man to reduce the reliance on
human experts, who are expensive and in short supply
(4:177). Immortal machines serving as "clones® of human '
experts could perpetuate and spread expertise throughout an fi ;h

organization. An Al system is different from a

conventional computer in its new approach to computer
programming. Instead of being programmed to follow a step
t by step procedure, an expert system is programmed to follow :
F a few general procedures of problem solving. Facts, '

models, rules of thumb, and other general Knowledge about

solving a particular type of problem are stored in the

computer memory (12:32). Problem solution comes about as
the computer uses facts about the problem and its Knowledge : ?fi
base and general solution methods to find and appiy a

specific solution. h

Early attempts at problem solution were fraught with j;éﬁf
frustration by proponents of Al. During the 1960’s, such ' f
great minds as McCulloch, Turing, and von Neumann began to »ff}
form the basis of what would evolve into Artificial R
Intelligence. The initial efforts were designed to employ 4
a "few laws of reasoning coupled with powerful computers
[to] produce expert and superhuman performance® (12:7).
The realization that the detailed process of most
intelligent human activities was unknown marked the
beginning of Al KkKnowledge base development. In 1977, a
paper was presented by Feigenbaum ¢to the International E:_:*

Joint Conference on Artificial Intelligence which provided

............................................
............................................................................
........................................................................................




insight to the growing field and was summarized as: "The
power of an expert system derives from the Knowledge it
possesses, not from the the particular formalisms and
inference schemes it employs® (12:6). The field has since
progressed from an "all knowing, all seeing” direction to
one of a more restrictive use of Al techniques in specific
expert systems. These expert systems are limited in
application and loaded with detailed knowledge of a
specific subject to better apply inference schemes and

provide practical use to human users.

One of the most widely kKnown expert systems is called
PROSPECTOR. PROSPECTOR is a computer-based consultation
system designed to assist geologists working on specific
mineral deposit problems. The "task of PROSPECTOR is
probabilistic interpretation of soil and geological deposit
data" (12:54). It is an expert system designed to work in
a specialized domain. Jts success has been quite promising
when evaluated against expert geologist’‘’s decisions
(4:161) . PROSPECTOR predicted a molybdenum ore location in
Washington State which was confirmed by drilling and a find

worth $100 million.

Another expert system, MYCIN, is making progress in
the medical field. Medicine is a fertile field for expert
systems for two reasons. The first is the obvious benefits
to society gained by a reliable and thorough diagnosis.

Expert systems consider all possibilities where it may not

i
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.
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be realistic to expect a doctor to be able to take the time

to look at all possible ailments. The second reason is the

solid Knowledge base established in medicine is easily
transferrable to a computer. The medical taxonomy is clear
and experts in the field are identifiable (4:177). MYCIN
is used to diagnose and offer therapy in certain cases of
infectious blood diseases. Although it is not currently
used in clinical work, it is being used as a medical
teaching aid. It has provided excellent results with
"performance comparable to experts in the field®” (12:53).

Expert systems are used in education, science, and
medicine. Their ability to act as "experts® or "expert

consul tants” continues to increase.

Al Application to Space

Can Artificial Intelligence expert systems be designed
h to perform tasks for a space platform? One of the most -
! complicated spacecraft tasks is orbit maintenance. The
:: process of orbit maintenance or stationkeeping is a task
L that currently requires vast material resources and
5 dedicated space specialists (2: slide 20). As our
satellite systems become more complex and the space
? environment more congested, the job of maintaining proper
orbits become critical (9:2), If an expert system could be
;2 placed in orbit as an integral part of the satellite
; system, it could greatly reduce the burden or routine -

N "houseKeeping®” chores if not eliminate it.

.............
........

...............................




The Air Force Space Technology Center is vitally
interested in applying Artificial Intelligence to
autonomous space systems. Increased spacecraft autonomy
would enable the satellite to operate independently of
ground systems for extended periods of time. Presently,
satellites must normally be frequently contacted by ground
stations for orbit correction and fault analysis. Since
the ground control centers are the least survivable link in
the space network (20:448) autonomous military spacecraft
would enhance space systems survivability. Endurability or
extended useful lifetimes result <from the spacecraft
maintaining more optimal orbits and can be increased by:

1) Reducing spacecraft dependence on ground

stations, thereby enhancing the capability for

continued payrload mission accoumplishment if
ground stations are disabled.

2) Achieving an autonomous satellite health and

ephemeris maintenance capability by Fiscal Year

1987, with spacecraft launched after this date

capable of performing internal housekeeping

activities for unattended periods of time on the
order of six months.

Statement of Problem

The basic problem is to determine the feasibility of
putting an expert system on a satellite. The expert system
would be expected to perform all satellite services with
emphasis on orbit maintenance, or stationkeeping.
Stationkeeping is totally “ground cbntrolled' at the
present and would have to be assumed by the expert system

(22:v0) 1,22). "Ground controlled" refers to the process
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of determining satellite orbits with tracking data from

ground stations, determining spacecraft orbit errors and

corrective action by teams of orbital analysts, and sending
corrective action to the spacecraft by ground control

centers. To be effective, expert system must be able to

monitor, diagnose, and control a satellite in orbit around
‘ the earth. The expert system must be able to calculate the
current position of the satellite using on-board sensors

and processors and determine anomalies in the orbit.

AR - N

Diagnosis will include the ability to determine what type
of correction is needed to retain proper orbit and the
optimal time to implement correction action. The

controlling function must be able to fire thrusters

e

accurately and efficiently correct the orbit.

Resource and integrity functions are also tasks which
could be directed by an on-board expert system. Resource T
and integrity functions, or health and welfare maintenance, B
include monitoring and directing power, maintaining proper
atti tude, moni toring thermal controls, and directing
propulsion systems (22:vol I11]1,55). An expert system would

monitor all subsystems and update data bases to maintain

proper orientation and operation levels.

Research Questions

Can an expert system be used effectively and T

efficiently on satellites? If so, the burden current

.....................
..................................
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ground systems experience would be reduced significantly.

Current satellite systems are heavily dependent upon the
ground control centers and absorb a great deal of time and
money for routine “"housekeeping®™ chores. Can on-board
expert systems increase satellite autonomy and overall
eftectiveness? Independent satellites would increase
endurability by reducing the vulnerability of space systems
to command, control, and communications failure.

Independent spacecraft would alsc reduce the need for
extensive ground base systems and specialized teams of
analysts. It is not 1likely that space borne Artificial
Inteltligence can eliminate all ground materiel and
personnel resources, but it should be able to .improve upon

the current situation.

Factors which will be compared and analyzed in order
to determine feasibility are cost, weight, and overall
effectiveness. Cost will be analyzed in terms of actual

expert system development (hardware and software) costs vs.

the cost of current equipment and personnel used to perform
the various tasks which could be assumed by the al
component. Overall effectiveness will be measured by
analogies to existing systems in terms of reliability,
autonomy, deterrence, survivability, and trade offs in
satellite orbit stability. Reliability in this case refers
to the system’s ability to make accurate and timely

decisions.




Scope

The overall objective of this study will be to
Q determine if it is possible to put an expert system capable
i. ' of performing some of the typical housekeeping tasks on a
satellite. Determination will depend on many factors,
including expert systems capabilities, ability to match
'E computer and satellite systems, and resolve by decision

[ makers to allow a computer system to make critical

decisions autonomously. This study will be 1limited to
implementation of expert systems to perform satellite
housekeeping tasks. Housekeeping tasks are defined as the
routine tasks required to maintain a healthy and stable
satellite platform capable of performing its operational s
mission, Eventual use for Al on space platforms may E?>f
include battle managemen t and command, control, and
communication authori ty, but at this stage of Al -
development those do not appear to be realistic topics of

discussion (24:41).

..................................
..........
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Section 11

Tasking in Space

For Artificial Intelligence to be a feasible option
for spacecraft design, it will have to accomplish many
tasks. Some are partially done by on-board processors and
require periodic ground support. Other tasks are currently
ground dependent annd will require new computer capability.

This section will describe the various tasks as they relate

to the Defense Satellite Communication System (DSCS). The
DSCS was chosen because it is a typical space platform with

k various missions and unclassified data is readily availabie -
for comparison.

pscs 111 :

The Defense Satellite Communication System is part of

the wideband communications network. Key users of the
wideband system are: Defense Communication Agency,
Diplomatic Telecommunications Service, World Wide Military

Command and Control System (WMCCS), and the White House B

Communication Agency. The DSCS system began with the
initial series launched in 1944-48. The DSCS was 8 solid
# step toward effective global communications. The follow-on

& system, DSCS 11, had a substantial increase in transmitter

!; i1
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power and transponder channels. The DSCS II system used
existing technologry and incorporated new capabilities for
the military user. Rapid repositioning for various users
was added with the DSCS Il system. Securing command and
telemetry modes became a reality. The DSCS 11 also boasted

"modest" nuclear hardening. The addition of steerable

antennas was a major step toward effective communications
paths. Finally, in 1981, DSCS 1II was upgraded with the
F; addition of more efficient digital communication subsystems

and reliable ground terminals.

The DSCS Il satellites were launched in pairs and
operate in synchronous near—equatorial orbits. - Four of the
six satellites are active at any one time, leaving two for
spares or contingency situations. They are equipped with
two ear th coverage horn antennas and two steerable
spot-beam dish antennas. They also use an onmidirectional
bicone horn antenna for command and control. The steerable

antennas can concentrate their signals on small areas of

the earth to 1link portable ground stations into the
communications system. The DSCS 11 satellites operate in 1

the "super-high frequency" range of 7-8 GHz.

. ' .

e f

ot
Aoa al .

The current space communications network is effective
during normal circumstances. The six DSCS Il satellites
form the “wideband®™ system segment. At the time these

systems became operational the users had a critical need - 7

12
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for a working system. Therefore, time and cost restraints
tempered the advancement of satellite communications.

Current systems lack survivability! The ultra-high
frequency range is quite wvulnerable to jamming and

disruption by nuclear events.

¢ The DSCS I11 is beginning to replace the DSCS I1. The
first DSCS IIl was launched in October, 1981. The DSCS 111
t in orbit is still being evaluated and studied to determine

operational capabilities and future funding 1levels to

———

complete the network. The DSCS 111, as designed by General

Electric Space Systems Division, will have a lifetime of
ten years. It will use six channels and have the
flexibility to support large and small terminal users.

DSCS IIlI has a small steerable dish antenna which can be
fine tuned for users with small receivers. It also provides
its own Jjam resistance through the wuse of four earth
coverable horn antennas. The four horn antennas provide
redundancy and flexible switching networks. DSCS III will
continue to provide the AiIr Force’s strategic link with

nuclear forces via separate transmit and receive antennas.

The most notable feature of the DSCS 111 is its

innovative phased array antenna system which provides

additional security and flexibility. It has a 61 element Zﬁ:f}
multiple beam antenna (MBA) used extensively for receiving

and two, 19 element MBAs for transmission. The MBA system N

13 NENE




’ 1
can selectively null jamming signals with a minimum )

disturbance to friendly wusers. This process maximizes

flexibility, in both the uplink and downlink. Of the six

: w
a

available channels, the receiver MBA can be connected to ﬁf {E
any or all of channels 1-4. At the same time the transmit ';5?;
MBAs can connect to the same four to develop whatever ’ 1
combination is required. Another advance for the DSCS IIl ]
is the gimballed dish antenna. It provides the additional
gain and anti-jam capability which is required for high '
priority users such as the White House Communication
Agency, Ground Mobile Forces, and JCS contingencies. The
lack of control security experienced by DSCS Il has been ’
corrected with an advanced, electronic telemetry, tracking,

and command subsystem.

Autonomy Assessment of DSECS 111

! The DSCS 1II]l was assessed using "Goals for Autonomous

-
o

Spacecraft,* a Jet Propulsion Laborotory (JPL) internal
document (Appendix A). The levels of autonomy, as defined
in the JPL document range from 0 to 10. An overall look at - 1

the DSCS 11l revealed the following (22:Vol I, 9):

! 1) The existing DSCS 1I1 functions are at ’_, B
levels of autonomy ranging from 0 to S. The ey

average level appears to be about 2 or 3. This RS
means that there is a high level of dependence on L
ground operations for analysis, planning, and AR
decision making. The power and thermal control !
functions have many hard-wired, autonomous r e
functions, and attitude control has considerable e
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au tonomy implemented in both sof tware and

hardware. However, spacecraft resource
management and health/welfare maintenance are ]
i almost entirely ground directed. Stationkeeping -

is completely directed by the ground.

(2> A primary goal for autonomy is for the
spacecraft to operate for 60 days with nominal

. performance and for & months with acceptable

I . performance, wi thout ground intervention. A )
spacecaft autonomy level of about S is required :
to meet this goal. A level 5 spacecraft (see ]
Appendix A) is capable of executing a
prespecified program of events and is also
autonomously fault tolerant.

. (3) The autonomous D3CS I11 assessment ]
philosophy assumes that the requirement for

6~month performance without ground intervention

arises from a high-level-of-conflict situation.

It has been assumed that under other conditions .;
the ground will be able to periodically update -
the initial orbi tal state from which the
spacecraft will have to operate independently.
If this assumption is not valid, the spacecraft
autonomy level may have to be increased beyond S
to somehow provide its own initial state.

(4 On-board redundancy management is required - 3
for a high probability of meeting the &40-day/é '
month requirement, particularly if hostile
threats to the spacecraft are considered.

i (3 Autonomous stationkeeping is also required, B
even for 60 days performance , since east-west ’ 1
stationkeeping maneyvers are required more o
frequently to meet the +.1 degree stationkeeping
requirements. The maneuvers could occasionally

_ occur as frequently as every few days (depending ..

) upon station location and sun-moon perturbation )
phasing). 1

The DSCS 111 currently in operation has some autonomy V;i“
) built in. Its power, thermal control, attitude control, 1
and telecommunication service <functions are quite capable l_ﬁj

of meeting the six month autonomy goal. Most of the Vi;;

;' integrity maintenance <(health and welfare) can be done on

board, but the "analyses and direction of redundancy

{

{

.1

- 15 o
) -
:

................ ‘

............................................................................
..................................................................

.................

.......................... .
. B D N R Tt . - . R P N L . - - . . .
T lle e P L R S/, S PO WA L T Tk PRI, P ) R . ORI G S TSR A PN AT O L LA % A A A At At st as ad




-t

management are done by the ground” (22: vol I, 10). One of

the major obstacles for autonomous operation on the DSCS

IIl is maintaining the correct orbit position, or ephemeris

v -

maintenance. According to the JPL DSCS Assessment, the
"spacecraft cannot be made free of ground intervention for

even 40 days."

The DSCS 111l was broken down into three functional
areas to analyze autonomy; 1) services, 2) resources, 3)
integrity. Each of these areas will be analyzed in detail
later, but Figure 2-1 shows just how much of each area is
currently autonomous and to what level of capability. o
Figure 2-2 fur ther defines the components of each ’f'ii

functional area for the DSCS I11.

Satellite Tasks

There are three functional areas within the DSCS I1I E o
design. They are spacecraft services, resources, and 5:}?
integrity. Spacecraft services include activities to
maintain a stable platform, operate at satisfactory power - 1
and thermal considerations, and allow necessary
communications for telemetry and command (22: vol I, 17).

The most ground dependent task is stationkeeping. T

Stationkeeping is the process of maintaining the satellite

s e e
e .
At b lo '

in its particuiar orbit within a fine degree of accuracy.

Orbi t anomalies affect mission effectiveness and can B

16
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decrease the satellite lifetime. The functions of this
task include 1location measurement using on board sensors,
maneuver planning, thruster selection, thruster firing, and
many related tasks. Stationkeeping is a major portion of

the spacecraft services function.

The second functional area for the DSCS II1 is
managing spacecraft resources. The resources are the
limited expendables which must be properly managed for the
spacecraft to survive and perform (14: vol I, 20). There
are two such resources on the DSCS 111; power and
propulsion. Some of the power related tasks include
managing the generated energy, stored energy, battery life,
and solar array attitude. Propulsion resources require
management of hydrazine, center of mass (cm), and thruster

life (22: vol 1, 50).

The third functional area of the DSCS 111 which
requires autonomous operation is integrity. Integrity
refers to health and welfare and to the protection of the
spacecraft from failures (22: wvol I, 20). Integrity
maintenance is currently a ground intensive activity. as
with any complicated electronic equipment, redundancy is an
important issue. Some of the requirements within the
integrity section which are necessary to make the DSCS 111

autonomous are (22: vol II1, S8):

18
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1) Acquiring pertinent health status of all
spacecraft subsystems.

2) ) Analyzing heal th information for fault -
occurrences.
<) Isolating fault sources and generating fault

correcting commands.

q) Output fault correction and verify execution
of commands.

LA SRR e o e —— aa
B ' . Lt} .
e S
P
.

=) Store current health information, faults
observed and corrections taken for ground control
records.

Integrity maintenance <functions would have to be performed

throughout the spacecraft and involves all of the major

T
L

subsystems.

FUNCTIONAL AREA ONE - Spacecraft Services (Figure 2-3)

There are three activities within the services area
which require increased capability to improve autonomous
operation. They are power , atti tude control, and

stationkeeping.

POWER. Two areas of the power function which require
increased autonomy are solar array orientation and power
distribution. The solar array orientation must be able to
account for mission phases, celestial events and develop a
timeline for ®"issuance of solar array position and rate
commands to stepper motors” (22: vol III, 23). The
distribution of power is currently assessed at a level 2

and must reach level S for autonomous operation. Power 3

19
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distribution would need to be driven by various energy
algori thms to indicate 1load requirements and consider
alternate load configurations. Addtional capabilities

needed in the power function include (22: vol IIl, 25):

1) Load prioritization table.
2) Load power for each operation mode.
t 3> Timing function.

4) Processing capability.

ATTITUDE CONTROL. The DSCS 111 provides a stable

platform and most of its attitude control functions are —
autonomous. Some additional autonomy is required to
establish post-launch earth acquisition; reference
re-acquisition, and thruster selection. The satellite -

needs to be able to wverify proper completion of sun
acquisition after 1launch and then perform analysis of the
parameters to acquire earth. Reaction wheels would then be il
given preset commands to establish proper configuation for
operation of the spacecraft (22: vol II11, 26).
Re-acquisition could be automated in the same way as earth
acquisition by wverifying sun position. As the reaction
wheels begin to unload and the spacecraft experiences some
east/west drift, thrusters must be fired to maintain proper
orbit. Autonomous navigation systems are required to
independently select and fire thrusters. This function

will be discussed in the stationkeeping section.

21
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STATIONKEEPING. Since stationkKkeeping is currently
totally ground controlled, all sensing and control
functions have to be added to the spacecraft. Figure 2-4
shows the hierarchy of the stationkeeping function. The
DSCS 111 does not currently have enough capability to
independently sense orbital position. Navigation sensors
and interfaces must be added to provide accurate data for
orbit determination (22:vol Irr, 37). The computer
processing capability would be necessary to direct,

analyze, and control the satellite orbit.

The addition of an autonomous navigation system is
costly and complicated, but must be done if any spacecraft
is to be truly independent of ground systems. It is likely
that the navigation package would include sensors and t
computer interfaces. The navigation subsystem could be a
simple implementation of supplying the effective time,
magni tude, direction, and type of velocity maneuver to
other subsystems. The most complex navigation system would
maintain propulsion system status, calculate optimal
maneuver times, select and fire thrusters, and supply an

integrated command sequence (22: vol 111, 43).

FUNCTIONAL AREA TWO - Spacecraft Resources (Figure 2-95)

Within the resources area, there are two basic

activities --managing power and managing propulsion. Each -
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v
; of the activities includes monitoring and maintaining
:i subsystems. On the DSCS 111, management of power relies j
heavily on the stability of battery systems. Propulsion !L -
must be monitored and used to correct attitude and orbit. g ;i
RN
=g
MANAGE POWER. Most of the management for generating ?
power and solar array maintenance is already autonomous. E
To increase autonomy, stored energy and battery 1life ) :
management require sensing functions to determine battery ' i
parameters and some on board capability for battery state
assessment (22:vol III, 49). The measured parameters and a X ’ig
computer model could then determine the state-of-charge. ?.fTi
It is necessary to predict the state-of-charge ‘trend during ;i%;
eclipses using load profiles and solar array output. It ;;;;
may be necessary to make adjustments to the charge rate to ?_._3
properly maintain power storage. Eﬁ.f;
Battery life management is not fully autonomous, but ‘~ 1
can be accomplished using the same procedures as described i;f 5
above for stored energy. Properly maintaining stored ;3‘ E
energy will increase battery life by closely monitoring all ;‘.w
facets of battery operation. Battery depletion assessment E}__’
does need some additional capability to ensure battery ﬁ;
1]

heal th, The standard maximum depth-of-discharge has been

established as 80 percent and should not be exceeded to

-

h ensure battery life (22: vol 111, 51). Some additional

F capabilities needed in this area are: R
g 25 "
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1) Flexible battery charge models.
2> Charge history. '

3> Load profiles.

S .
2t a’a Aty o l‘-

4) Power supply predictions.

S5) Relay capability.

PROPULSION. This section of resource management is an
integral part of the autonomous nc  gation and -
stationkeeping functions. On board analysis is required
for each of the tasks ¢to be properly integrated.
Computation of propellant mass must be done and verified ——ed
based on previous usage. Priority tables must be used to '%
trade off required stationkeeping maneuvers ;nd remaining

fuel (22: wvol! 1I1I, 53). The thrusters must be maintained -y

i d

to ensure proper pulse and health. Thruster management
would include taking pulse counts and monitoring pulse

degradation over time. S il

FUNCTIONAL AREA THREE - Spacecraft Inteqrity (Figure
2-6)

Integrity maintenance involves the entire spacecraft.
While all subsystems need redundancy, how are corrections
made and backup systems called into action? The Jet
Propulsion Laboratory has recommended the addition of a
Redundancy Management Subsystem (RMS) "capable of providing
fault detection and correction functions for the entire

DSCS 111 spacecraft bus® (22:vol 111, 59).
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The RMS would interact with each of the major
functions through computer interfaces capable of detecting
faults and relaying them for correction. Autonomous
operations of the entire DSCS 11l would require a great
deal of storage capability for data. Stored information
would include spacecraft status, fault history,

diagnostics, and software programs.

Using this structure of a RMS linked to the subsystems
via Distributed Processing Units (DPUs) (See Figure 2-7)
the functional requirements can be defined as follows

(22:vol 111, 71):

(1 A DPU shall acquire health information from
its host subsystem by moni toring selected
subsystem sensor signals via dedicated lines.

2> A DPU shall store software subroutines
required to analyze functional performance and
determine needs unique to its host subsystem.

(3 A DPU shall execute selected
internally-stored software subroutines only upon
receipt of commands from the RMS.

<4) a DPU shall provide processed,
subsystem-unique health information to the RMS
upon request by the RMS.

(3 The RMS shall analyze acquired subsystem
health information by detecting fault occurrences,
isolating fault sources, and defining the required
commands to be issued for fault correction.

(8) The RMS shall generate subsystem fault
correction commands.

(7) The RMS shall output validated +fault
correction commands.

28
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(8) The RMS shall verify proper execution of
fault correction commands.

«? The RMS shall store pertinent spacecraft ]
diagnostic information. —

(10) The RMS <shall be capable of loading the .
memories of all DPUs. NN

(11> The RMS shall be inherently fault tolerant so '
that any internal single—-point failure will not
degrade its performance.

As one might expect, satellite operations are
complicated and the tasks are arduous. It is not sufficient
to plug in autonomous subsystems, they must be integrated
into the entire spacecraft design. As. the push for ;—~;
autonomous satellites continues, all of the tasks mentioned
above and other related functions must be' taken into
account. Wi thin the spacecraft services area, —
stationkeeping certainly provides the greatest challenge at
this point. The resources and integrity functional areas
require specific component modifications and integration. ;ﬁlé
The tasks are defined qui te well. Can Artificial
Intelligence techniques be wused to provide operational

programs to accomplish spacecraft tasking and increase

PPy

satellite autonomy? This question will be evaluated in the

following sections.
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ﬁ Section 111

Artificial Intelligence Capabilities

This section witl examine the capabilities of
state—of—the-art expert systems in an effort to determine

r; . spacecraft tasking feasibility. The architecture of expert

systems will be described and <further explained. Three :

critical components of the architecture are the Knowledge

b base, inference engine, and data base. The process of
' Knowledge engineering, or filling the knowledge base, will

also be presented. Having established the structure, the .
Ei emphasis will shift to current tasks expert system are -

L

capable of doing and brief explanations of some of the
systems. Then, some guidelines will explain the complex
Ei process for constructing an expert system and illustrate

the transition from research and development to practical

I S VI I AR ]

application.

Expert Srystems

As this section focuses on expert systems, it may be
helpful to expand on the definition of an expert system.
One of the leaders in early expert system development,

Feigenbaum, wrote that:

An *expert system” is an intelligent

31

.
' F
. _1
<4
1
B
"31




computer program that uses knowl edge and

inference procedures to solve problems that are

difficult enough to require significant human

expertise for their solution. The Knowledge

necessary to perform at such a level, plus the -
inference procedures used, can be thought of as a

model of the expertise of the best practitioners

of the field.

The Knowledge of an expert system consists
of facts and heuristics. The "facts" constitute
a body of information that is widely shared, \
publicly available, and generally agreed upon by
experts in a field. The ®"heuristics® are mostly
private, little-discussed rules of good judgment
(rules of plausible reasoning, rules of good
guessing) that characterize expert-level decision
making in the field. The performance level of an
expert system is primarily a function of the size

and quality of the Knowledge base that it
possesses.

For an expert system to fill the bill as an expert, it
must perform at the "expert" level. The word expert must
be considered seriously. There are significant et
characteristics of an expert which can be identified and
measured. Guality of performance is a major concern, but
high quality is not enough. Ability to reach decisions -¥~T
quickly is a valuable trait only if the decision is a good
one, Certainly, speed and quality must be balanced to
produce the desired result. Most experts tend to be
experts only in a specialized domain. Specialization

dictates a trade—off in depth and breadth of Kknowledge. It

l."’
PO |

is not really feasible to be an expert in many technical
fields. An expert system is therefore allowed by necessity

to work in a narrowly defined area.

32
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Archi tecture

Using Feigenbaum‘s

definition,

memory which Keeps

problem status.

an expert system can be broken down

track

T

description to construct a working

into fairly

easily wunderstood components. An expert system is made up
of three basic components: 1) Knowledge base, 2)
Inference engine, and 3) Data base (see Figure 3-1). The
knowledge base contains the specialized domain facts and
heuristics, or rules of thumb, associated with the
particular area. The inference engine, or control
structure, is the component which contains the search
strategy for problem solution. The data base is a worKing

of input and output data and

INFERENCE ENGINE
-search strategy

KNOWLEDGE BRSE
-rules

N

DATA BARSE
~-sensor

info

Figure 3-1.

Expert System Components

For example, a very simple expert system could be
designed to monitor and control room temperature (18:44).
The inference engine would employ a forward search
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technique. The Knowledge base could have the following
four rules:
IF TEMP > 70 AND TEMP < 72 THEN STOP i
IF TEMP 32 THEN CALL REPAIR MAN, TURN ON HEATER ~*~ﬂ
IF TEMP < 70 AND FURNACE = OFF THEN TURN ON Rt
IF TEMP > 72 AND FURNACE = ON THEN TURN OFF -i-i
The data base would contain the current temperature as s
indicated by a sensing device. This example is an obvious T
simplification. It would not be cost effective to build an

expert system to control a thermostat, but it serves to

illustrate the three components.

The following architectual principles were presented S
by Randall Davis (6:6) which serve to mold the components iﬁ'j
into a cohesive unit.

Architectural Principles e

1) Separate the inference engine and knowledge

base.

2) Use as uniform a representation as possible. fo

3) Keep the inference engine simple. |

4) Exploit redundancy in Knowledge base.

By separating the inference engine and knowledge base, the
Knowledge is more accessible, easier to identify, and can
be more explicit. Uniformity reduces the number of
mechanisms required for translation and Keeps the design

o simpler and more transparent. Simple control structures in

the inference engine aids process explanation and should

provide more comprehensive rational feedback. Since
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feedback, or explanation, is generated by replarying the

actions of the system, simple actions generate better

feedback. Finally, redundancy in the Knowledge may P
overcome inexact knowledge by combining bits of information A
from varying sources to yield answers.

COMPONENT ONE - Knowledge Base

The Knowledge base is, by far, the most critical P
component of most expert systems. This is the foundation
for ultimate problem solution. The Knowledge may be
represented by presenting it as “IF-THEN" rules. 1If a °
system is considered to be rule-based, the "Knowledge base -
is made up mostly of rules which are invoked by pattern
matching with features of the task environment as they ;
currently appear in the global data base®™ (10:6).

The production rule is a two-part construct with the ;
first part representing some pattern and the second part !
specifying some action to be taken when data, from the data
base, matches that pattern. The pattern may be made up of °
several clauses linked by the logical operators AND and OR. -
The pattern may also be procedures that operate on data in f; 
the data base to produce wvalues for further rule ; |
comparison. The second part of the rule consists of verb
phrases that specify the action to be taken. A typical
example might be "IF the satellite east position is greater ®
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than &61 degrees OR the west position is less than 59
degrees THEN the satellite requires orbital correction.®

Assuming that &0 degrees is the optimal east-west position
at a given time of orbital determination, the assertion
"the satellite requires orbital correction" will be added

to the knowledge base if either precondition is met.

Rules in a Knowledge base represent the domain facts,
beliefs an& heuristics. Facts are bits of knowledge that
are Known to be true and their validity is unquestioned.
Knowledge entered as opinion are beliefs, usually Knowledge
that is accepted as being valid. Heuristics are bits of
information Jlearned through experience or rules of thumb
developed by experts that aid in the area of filling in
incomplete Knowledge. Rules combine to form the most
powerful aspect of expert systems, the Knowledge base.

Rule based systems, as explained by Duda (8:242):

contain hundreds of rules, usually cobtained by
interviewing experts for weeks or months...In any
system, the rules become connected to each other
[by association linkagesl to form rule networks.
Once assembled, such networks can represent a
substantial body of Knowledge...

During the early development of Al, emphasis was on
search techniques. Intelligence was thought to be largely
a domain independent effort, hence Kknowledge free. The
game of chess was examined in detail to illustrate the

various search techniques. Research indicated that human
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chess masters used the process of mental storage of large
catalogs of pattern-based rules to play the game. It was
said that human experts in the game could organize and
utilize up to 950,000 rules to achieve their remarkable
performance. Those rules are so powerful that only 30
rules are needed in an expert system to adequately cover
the roughly 2,000,000 configurations for a subdomain
problem of King and Knight against King and Rook (10:7).

It was noted that chess is a fairly certain game with a
well establicshed Kknowledge domain, but as the domain
becomes more complicated the rules may expand

exponentially.

Within this rule-based network, if the.knowledge is
not well established some rules may have certainty factors
(CF) attached to them. The CF is a numerical valve which
indicates the degree of certainty associated with that
rule. Human experts use judgement and empirical rules
which sometimes cannot be fully supported by availabtle
data. In an expert system rules based on heuristics can be
given CFs and then, when the certainty factors are combined
with other problem data, the solution will have a certainty

value attached to it.

Still within the context of the knowledge base is the
topic of "Knowledge engineering." Knowledge engineering

has grown up with the field of Al. Knowledge for an expert
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system can be acquired in many ways. All of the ways

involve transferring expertise needed for high performance

problem solgjng in a particular domain from a source. In =
most cases, the source is a human expert, but the source j
could include case studies as does PUFF, an expert system ;23
designed to diagnose lung disease, built entirely from 100

case studies. Other sources include empirical data or

documentation used to train the human expert who is being -
emul ated. From the emphasis on Knowledge, the expert

systems credo has developed. The basic commandments were

given by Feigenbaum in 1977 and expanded by Davis in 1982

as (6:6): -

LN
Lt
el .
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1> In the kKnowledge lies the power
2) The knowledge is often inexact, incomplete. —
3) The Knowledge is often ill-specified
4) Amateurs become expert incrementally.
5) Expert systems need to be flexible. f;“

é) Expert systems need to be transparent.

The first statement about Knowledge and power suggests
that extensive stores of knowledge about the task and not
domain-independent me thods lead to successful problem
solution. Most areas investigated for use by Al techniques
do not have completely specified laws or theories and the
Knowledge tends to be inexact, incomplete, and informal.

I11 specified Knowledge is a common problem. It refers to
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the process of trying to establish for the experts what
Knowledge they have and what is required for problem
solution. As mentioned previously, Kknowledge acquisition p :
is an incremental process and therefore the transition from . ”f?

amateur to expert must follow a similar path.

Further emphasizing the need for separation of

components are the concepts of flexibility and 4

transparency. The system must be flexible enough to change
easily because most of their system lifetime will include
changes, updates, and improvements. Transparency allows the
engineers to follow progress and maintain control during
the changes by being able to distinguish changes in the
three components separately. 1f the three combonents were
not distinct, then changes to one section might

inadvertently cause confusion in another section of the

program.

The Knowledge engineer quickly becomes an integral
part of expert system development. The early attempts at ~:ff;1

kKnowledge transfer dictated that the computer programmer

"transform the expert’s Knowledge into code without
separating the Knowledge from the reasoning mechanism.®
(12:130). This process requires that the programmer be an ° R
expert in the domain, or quickly become one.
Current procedures still allow a computer programmer .'
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to assist the expert in transferring Knowledge to the
system, but it can also be done by direct transfer of
expert to machine wvia intelligent editing programs (see
Figure 3-2). It now becomes possible to separate domain

Knowledge from the rest of the program and this enhances

.
b
,
»
1)
»
'
»
»
4
v
[0S

flexiblity and transparency. It is hopeful that a similar
process can be developed for data through an elaborate
induction system and for textbooks using a program capable
of reading text and transferring information to the
Knowledge base. The latter two ideas are still just that,
ideas, but they may assist the Knowledge engineer in the

future.

EXPERTSYSTEM

EXPERT ~——e KNOWLEDGE ENGINEER INFERENCE ENGINE
[General Problem-
solving Knowledge]

— KNOWLEDGE BASE
{Domain Knowledgel

EXPERT SYSTEM

EXPERT — INTELLIGENT EDITING INFERENCE ENGINE
PROGRAM [General Problem-
t. solving Knowledge]

KNOWLEDGE BASE
{Domain Knowledge]

Figure 3-2. Knowledge Engineering (7:130) I:’A
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Whatever the source, the process is basically the same

-— transfer of domain knowledge for use in problem solving.

.
[

The Knowledge engineer must proceed through several stages -

®
during the construction of a Knowledge base. These stages ‘ ]
3
have been identified as problem identification, -]
conceptualization, formalization, implementation, and ;b“' h
testing as shown in Figure 3-3 (12:140). Al though this is
a well-defined +figure, the actual process is anything but o .ﬁ
S
well-defined. The process will wvary for situations and ° ‘
people, but the basic pattern will remain the same. After X
the Knowledge transfer is complete, the knowledge base must A ' ]
be matched to an appropriate inference engine. f.” =
A ]
K
Reformulations N
Redesigns
- Rafinements

| - Identity Find Con- Design Formutate Validate

Problem oepts To Structure To Ruies To Rules That

c Requi Rep C Orgar S Embody Rules Organize

istics Knowiedge Knowledge Knowledge Knowiedge

IDENTIFICATION CONCEPTUALIZATION FORMALIZATION IMPLEMENTATION TESTING

Figure 3-3. Stages of Knowledge Acquisition (7:140)

COMPONENT TWO - Inference Enqgine .&

-~

Within the inference engine or control structure, ;,V':f
there are basically two methods of search strategy bﬁf'}i
employed: forward chaining and backward chaining. They can Ef?;%i
be wused separately or in combination to produce the ';3' g

)
PR |
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necessary results in an expert system. Both strategies
rely heavily wupon heuristics to work effectively. After
the strategy is determined and implemented, the inference
engine then becomes the controlling force for the solution

strategy in the knowledge base.

In forward chaining, the system attempts to reason
from given data to reach a logical goal. Facts about the
problem must be given and then a forward search of the
rules in the Knowledge base may "fire" one or more of the
rules. At thie point the control strategy must determine
which rule(s) to apply. @As the rules continue to fire, a
solution will be developed. In this case the chaining
starts from a set of conditions and moves toward some
conclusion. The speed and accuracy of this process depends
on many factors——number of rules, time to search,
computational difficulty, but it is heavily dependent upon
the wuse of heuristics. Forward chaining is a good strategy

to employ for monitoring functions.

Backward chaining is a goal-driven strateqr. This
type of strategy works backward from a hypothetical
solution (goal) to find evidence which supports the
solution (see Figure 3-4),. This process might progress
through many intermediate testings of hypotheses, or
subgoals, to get to the end result. A system using

tackward chaining would search the Kknowledge base for a

42

........................................
...................................

- rv—rﬁrv]




rule, that when fired, would give the desired result. The
system “"attempts to match the first part of the rule
against the initial problem description stored in the
working memory. If the first part of the rule matches the
hypothesis, the search is finished” (15:349). 1If the match
fails, the search continues, now trying to match the first
part of the rule which fired but did not fully satisfy the
hypothesis. I+ the match is not complete the system may
request information from the user or it may guess at the
desired goal. This strategy applies well to the processes

of diagnosis or classification.

.——\
———/
FORWARD CHAINING .

GOAL STATES

—— | ———

INITIAL STATES

BACKWARD CHAINING

Figure 3-4. Inference Engine Search Strategies

Heuristics, educated guessing or rules of thumb, are a
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major player in expert systems, just as it is for human
experts. There are always limits on the amount of time and
data storage available to spend on search problems. As the
problem domain becomes large so does the search space and
blind search may not be realistic. Al though search of
every node is possible, it quickly becomes unreasonable.

For that reason, and the <fact that human experts use
guessing when Knowledge is incomplete, heuristic search is
employed in expert systems. Using heuristic search
techniques in conjunction with forward or backward chaining
allows the system to cease searching when a satisfactory
solution is found. There may or may not be an optimal
solution, but the search time can be reduced significantly

by allowing for a satisfactory answer.

If a simple mathematical equation could characterize
the problem, then there would be no need for guessing. But
"in many real problems, well-behaved functions are elusive.
Sometimes a strategic retreat is necessary; that is, one
must seem to move away from a goal (overriding some
evaluation function) in order to achieve it. For example,
to enter a room it is worth detouring to an unlocked door
even though a Jlocked door is closer - if there is no Key"
(12:69). Guessing is necessary when there is incomplete
Knowledge and it is not posible to determine a "best
choice®" to proceed. If a solution search space is dense

and all solutions may be equally desirable, then guessing
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can be efficient (12:110). Complete knowledge is not
possible, but a well designed Knowledge base coupled with a

properly arranged inference engine can produce excellent

[
results, "
COMPONENT THREE - Data Base -
The simplest component, the data base, stores facts
. about the state of the world and provides a working memory i
space, Fact and data needed to manipulate the various
rules in the Kknowledge baze would be stored in the data
base. It can also be used to store historical type facts »
about the solution process. Users may access the data base
for problem status or to ensure the data being entered is
correct. p
Expert System Tasks €
i
There are a number of wars to classify expert systems.
One way emphasizes the function of the task. The various
functions include interpretation, diagnosis, monitoring, » i
prediction, planning, design, and control (12:83). Another ]
way is to characterize the systems by problem domains, such i
as science, medicine, computer configuration, »
trouble-shooting, o0il and mineral exploration, military, .;i
and computer-aided instruction. Each of these methods of :L?
classification is limited due to overlapping of functional !". 1
-_.n;‘;r_.q
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, areas and unigque problem domains respectively. Dr. William
Gevarter (10:12) suggested "a more fruitful approach
i‘ appears to be to 1look at problem complexity and problem :
structure and deduce what data and control structure might
be appropriate to handle these factors.” Appendix B i
h‘ . describes some of the more developed expert systems and :

outlines the basic approach and Key elements of the

Knowledge base, data base, and the control structure.

.

There is obviously more data in Appendix B than
necessary to explain the basic workings of expert systems.
5 Some of the different types of control structures were not
explained in the previous section, but this listing clearly
shows the many uses for expert systems. Table 3-1

summarizes the characteristics of the systems presented in -

Appendix B. These are all systems that are currently
workKing in some capacity. Some are strictly research and

development, some are for academic training and

NSO

experimentation, and some are being used in the corporate

world to save money and increase efficiency. 4

Within the science and medicine domain; DENDRAL is
used by industrial and academic researchers to identify

chemical compounds; MOLGEN is used by leading genetic

engineers to synthesize DNA molecules; MYCIN diagnoses and

recommends treatment for infectious blood diseases for

doctors in <clinics associated with Stanford. One of the

‘V|rv.v.
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expert systems used extensively in the corporate world is
R1. Digital Equipment Corporation uses Rl to configure
computer systems and it has reportedly saved the company
millions of dollars in labor costs (15:37). The growth of
expert systems in every field is phenomenal. Research
engineers and big business are progressing in the field of

Al to build systems with practical applications.

Expert System Construction

This section will not get into the details of hardware
and software development, but merely establish some of the
prerequisites and guidelines for successful expert systems.
One of the prerequisites include (10:34) at least one human
expert acknowledged to perform the task well and willing to
impart his Knowledge to a machine. The expert‘s Knowledge
should have primarily been obtained through experience and
Jjudgement. The expert must be able to "explain the special
knowledge and experience and the methods used to apply them
to particular problems. Finally, the task should have a

well structured domain and high payoff.
The stages of development for an expert system have
been outlined by Randall Davis as (&4:10):

1. System design.
2. System development.

3. Formal evaluation of performance.

48
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4. Formal evaluation of acceptance.

S. Extended use in prototype environment.

é. Development of maintenance plans.

7. System release.
Getting to Stage 3 is the difficult part. The time for
construction of an expert system has been reduced from
20-50 man years for early systems to 5-10 man years
(10:39). The construction will usually consist of only 2-5
people and tends to be rather time-intensive. Figure 3-5
graphically shows the time path construction for typical

systems has taken during the last 20 years.

so | MACSYMA

40 _|

MAN-

YEARS_|
30

207

107

YEAR BEGUN

Figure 3-35. Expert System Construction Time (6:10)
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Construction time has been reduced due to advancing

technologyr and expert system building aids such as -
intelligent editors. The building process has been refined
through experience and guidelines. The book, Building

Expert Systems, briefly explains the guidelines in "the

that they will be helpful to future Knowledge

engineers® (12:160). The guidelines are as follows:

1) Task Suitability

. Focus on a narrow specialty area that does
not involve a lot of common sense Knowledge.

. Select a task that is neither too easy nor
too difficult for human experts.

. Define the task very clearly.

. Conmi tment from an articulate expert is o
essentjal. e

2) Building Prototype System

. Become familiar with the problem before
beginning extensive interaction with the expert.

.Clearliy identify and characterize the
important aspects of the problem.

. Record a detailed protocol of the expert
solving at least one prototypical case.

.Choose a knowledge—-engineering tool or
architecture that minimizes the representational
mismatch between subproblems.

. Start building the prototype version of
the expert system as soon as the first example is
well understood.

. Work intensively with a core set of
representative problems.

.lIdentify and separate the parts of the
problem that have caused trouble for Al programs

S0
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............................




in the past.

. Build in mechanisms for indirect
reference.

. Separate domain-specific knowledge from
general problem-solving Knowledge.

« Aim for simplicity in the "inference
engine."

. Don’t worry about time and space
efficiency in the beginning.

. Find or build computerized tools to assist
in the rule—writing process.

. Pay attention to documentation

. Don‘t wait until the informal rules are
perfect before starting to build the system.

. When testing the system, consider the
possibility of errors in input/output
characteristics, inference rules, control
strategies, and test examples.

3> Extending the Prototype

. Build a friendly interface to the system
soon after the prototype is finished.

. Provide some capabilities for examining
the knowledge base and the line of reasoning soon o
after the prototype version is finished. f*“

- R

. Provide a "gripe" facility.

. Keep a library of cases presented to the
system.

4) Finding and Writing Rules

UARLASS REAMOO

. Don’t just talk with the expert, watch him
or her doing examples.

S
L
é. . Use the terms and methods that the experts
use.

3

. Look for intermediate-level abstractions.
« If a rule looks big, it is.

*’_ . I¥ several rules are very similar, look

S1
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for an underiying domain concept.

« If tempted to escape from knowledge
representation formalism into pure code, resist
the temptation for at least a littie while.

9) Maintaining Your Expert’s Interest

« Bive the expert something useful on the
way to building a large system.

» Insulate the expert, as well as the user,
from technical problems.

. Be careful about feeling expert.
é) Building the Operational System
. Throw away the first system.

« In the operational (and later) versions,
begin to consider generality.

. Identify the intended users of the finatl
system.

. Make system 1/0 appear natural to the
users.

7) Evaluating the System

. Ask early about how the expert would
evaluate the performance of the sysstem.

. The user interface is crucial to the
ultimate acceptance of the system.

8) General Advice
. Exploit redundancy.

- Be familiar with the architecture of
several expert systems.

. The process of building an expert system
is inherently experimental.

Following these guidelines does not ensure success, but it
can assist at trouble spots along the way. Whether the
task is to find minerals, treat disease, or control a

spacecraft, the process of development and construction of
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an expert system is the same. The next section will

discuss Task Suitability for satellite systems and
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spacecraft.
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Section IV

Expert System Implementation for Stationkeeping

Expert systems have progressed to a state such that it
is reasonable to assume that a program could be developed
to perform satellite housekeeping tasks. After thorough
analysis of the various tasks for the DCSC III and the
necessary upgrades <for autonomous operation, it appears
that Artificial 1Intelligence techniques are needed for
certain functions. In particular, orbit determination,
maneuver planning, manuever control, and automatic station
move are precise functions for an expert system. However,
not ali functions require Artificial Intelligence
techniques to achieve autonomy. To address these functions
the Air Force Space Technology Center (AFSTC) is currently
funding a project called the Autonomous Redundancy and
Maintenance Management Subsystem (ARMMS) . The ARMMS
project is currently being managed at the Space Technology
Center as & major thrust for the Satellite Autonomy

Program.

Satellite Autonomy Program

Very simply, the design for ARMMS involves

distributing mini-computers throughout the spacecraft.
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Each processor *will control subsystem functions and
implement contingency plans if faults are detected. This
network of computers would be centrally managed by a
supervisory computer which would also store contingency
operations plans” (11:18). The project has developed
computer algorithms for the various subsystems and plans to

give a ground demonstration, using satellite simulation, in

1986.

The original plan of the Satellite Autonomy Program
was to direct future effort to appling advances in
spacecraft subsystems and build upon the ARMMS project
using Artificial Intelligence (11:27). The ARMMS was to be
the first step in autonomy where minimal redesign of the
existing satellite would be required. Also part of the
original plan was a Jjoint program in autonomous systems
technology involving NASA and Air Force Systems Command.
The Jjoint program has since been cancelled due to funding
constraints, but it established near and far term
objectives for spacecraft autonomy. These objectives are
(11:43):

Objective 1 (near term)

— Develop and demonstrate by FY 1986 a flight
qualifiable spacecraft management system that can
perform on-board routine maintenance (including
navigation) and fault management without ground
or crew interaction.

Objective 2 (far term)

~ Develop and demonstrate by FY 1990 a flight
qualifiable spacecraft management system that is
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capable of independent task formulation and t“‘j
execution, and which can adapt to external ' R
environment changes, using methods of artificial . 3
intelligence. 'A-J

The ARMMS study is designed to meet the near term ﬁﬂ;%
objective and includes the power, tefemetry, tracking and
l . control, navigation, propulsion, attitude control, and : h
comnunications subsystems. All of the algorithms are

making good progress except for minor deficiencies in the

d ) navigation area. The accuracy attained by the conventional

computer algorithm is about three degrees and it is

desirable to reduce that to one degree or less. Navigation

» includes algorithms to perform orbit determination, 1
maneuver planning, maneuver control, and automatic station ,ﬂij
i . '_- .
-

There appears to be a very real need for

implementation of expert systems in the navigation area.

. Stationkeeping would then be a combination of wvarious f“f:
functions within the navigation subsystem. Assuming that )
the ARMMS project will be successful in all of the other

D subsystems using conventional computer algorithms, there b
still appears to be a need for Artificial Inteligence 'ﬂ
techniques in the navigation area. The reason is that Z;}E

! navigaion, in particular stationkeeping, is not a hard and
fast science that translates directly into formulas and
procedures, There are human experts performing as orbital

) analysts for spacecraft at the present time. They work
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wi th computers, but the process still requires human
judgement based on experience and Knowledge to correct many

spacecraft orbit anomalies.

Orbit Correction Process

Satellite systems are unique due to mission
confiquration and orbital position, but can be discussed
generally for the purposes of understanding the
stationkeeping process. Since the immediate need for Al
has been narrowed to performing stationkeeping on orbiting
spacecraft, a more detailed explanation of the process

would be appropriate.

Stationkeeping functions begin with orbital position
determination. Most of the current satellite systems
depend upon ground stations to determine orbital position,
but the move to autonomy will dictate the need for accurate
earth and sun sensors on board the spacecraft to accomplish
this task. The details of the sensors will not be
explained here, but the Air Force is funding programs to
equip spacecraft with advanced sensors capable of
independently determining orbital position. One such
program that could be used on the DSCS III is called
Multimission Al titude Determination and Autonomous
Navigation (MADAN)D. MADAN "is an advanced star sensor

using charged coupled device technology. Two MADAN units
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plus an earth sensor could determine satellite location and
attitude" (11:47). The accuracy (see Figure 4-1) is
|‘ sufficient for most satellite systems and could be improved

to about 400 meters with an improved near body sensor.

' SYSTEM PERFORMANCE
(any orbit
ACCURACY (initial
-. NAVIGATION 1 nm
i ATIITUDE 2 sec

Figure 4-1. MADAN (11:48)

Once the satellite position has been determined, the

delicate process of orbit correction begins. 1t should be

) emphasized that this process is currently performed on the
ground by human experts. Some of these experts work for

NASA at the Goddard Space Flight Test Center and some are

) civilian contractors from Lockheed working for the

S8

.........................................................
.................................
......




R dirad gl dhe ot s Sl ol o e A e

Satellite Control Facility. There are other orbital

et datenand]

analysts at varying sites in the country but all of them do
basically the same job. Most of them are dedicated orbital )
analysts who concentrate on one or a couple of specific

satellites in a particular orbit. 1t is not possible to

deanaia 4 a4

get into the intricasies of orbital mechanics, but it is )

necessary to use two types of orbits (low earth orbit and

MOGOE . s aaiaial .

geosynchronous) as examples to illustrate the process used

to maintzin proper positions. )

Two orbital analysts who work for NASA are Mr. Richard
Stratella and Mr. William Weston (26). Mr. Strafella has )
the responsibility of maintaining the orbit for LANDSAT,
which is a satellite system in a low earth orbit

approximately 700 Km above the earth. Mr. Weston monitors :

IPURY PN TP

P

and issues corrections for several systems at geosynchronus

PPN

orbits, approximately 36,000 km above the earth. Explaining

L

the process these experts employ to maintain proper orbits

C e

will illustrate the simitarities and differences

encountered for various spacecraft.

Satellites in a near circular orbit such as the
LANDSAT encounter drag and tend to drift toward the earth. . : E
As the orbit changes shape, so does the ground trace or -1
path the satellite shadows on the earth. Mr. Strafella
moni tors the LANDSAT orbit by ensuring that it‘passes over

A
|
a certain longitude within plus or minus 10 Km. Orbital ‘J
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data is taken by ground stations for a continuous 32 hours
to accurately determine posi tion and make orbit
" predictions. Actual positions are then plotted on graph
¢ paper to illustrate the trend of orbital error. 1In the
;> case of LANDSAT, a figure of "errlong", or error in
ﬁ' longitude is plotted. When that figure indicates LANDSAT
1 will be outside the bounds of 10 km a decision is made by

f the orbital analyst to make an orbital correction.

The formal exchange between orbital analyst and
[ operational personnel is shown in Appendix C. Mr.
1‘ Strafella begins the process by sending an Orbit Adjust

! Request indicating the time and reason for this adjustment.
He also selects the ground site to be used to monitor the
adjustment based on satellite position., In this example,
Mr. Strafella requested an orbit adjust for the LANDSAT-S
be done on 30 April 1984 at 2114:00 hours Zulu time. He
made the request on 235 April, 1984 and was able to
determine that by the 30th the LANDSAT may be out of the 10

Km 1imit and a correction should be done.

The Orbit Adijust Preplan then provided preliminary
data which was needed to suggest thruster burn times. The
ground controller provided suggested contact times for the
Madrid Station and fuel tank status. The pressure and
temperature data were needed to calculate thrust reqired

and burn time for thrusters A and C. Given this data from

60
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the satellite, calculated semimajor axis distance, and
solar flux trends, Mr. Strafella calculated a rough delta v
required. Delta v is the change in velocity required to
boost the satellite into a slightly higher orbit and
correct the anomaly. Refinement of the required delta v is
done through repeated simulation runs on a computer using
different values for the number of seconds of burn time for

two thrusters and varying the solar flux.

The sclar flux is an indication of drag which will be
encountered by the spacecraft as the maneuver takes place.
Mr. Strafeila plots the filux on a routine basis to try and
determine trends. I+ the solar flux is large, more drag
will be encountered and more burn time wll be required.
Likewise, if the solar +flux is small then that same burn
time may drastically overcorrect the orbit due to lower
drag. At this point experience and judgement play a major
part in the decision making. The solar flux is an unknown

that must be predicted to best determine a solution.

Once the orbit analyst has determined the delta v
required and translated it into thruster burn times, he can
submit an Orbit Adjust Plan. This plan specifies the burn
time for each thruster in milliseconds and provides a two
minute window for the maneuver to begin. In this
particular example a correction of 159 meters is planned

(see semimajor axis change). Orbital period, fuel usage,
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and pressure change are also calculated by the analyst for

comparison after the correction.

t{ The Orbit Adjust Postburn Report is an accurate
;{ account of the actual maneuver. In the case of the
- ) LANDSAT-3 correction on 30 April, transtation thrusters A

and C were fired for 3840 msec each and the attitude
thrusters B and D fired automatically during the maneuver
i; - for 15 counts each to maintain proper attitude. Fuel tank
status was extremely close to planned data and varied only
4 slightly in overall pressure and temperature for two of the

[® tanks.

Finally, an Orbit Adjust Postburn Analysis was done to

compare planned, replanned, and actual data. The numbers
in this case are so close the differences seem
insignificant. In this case the solar flux was very close
to what was gquessed, or predicted, and the maneuver went
almost exactly as planned. Due to a slightly different
pressure and temperature, the thruster efficiency dropped
to about 934 instead of the planned 974. As a result, the

correction which was supposed to have produced a 159 meter

orbit change only produced a 157 meter change. Given this
? information and current solar flux trends the anlyst

%’ predicted that the next orbit adjust will be required

;' around the middle of June. This is a complicated procedure

wi th many variables, but it really depends upon the

é62
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Jjudgement and experience of the orbital analyst to make the

final decision.

The process is quite similar for Mr. Weston, who is
responsible for several satelli tes operating at
geosynchronous altitude. There are two significant
diff?rences though. The first involves the requirement to
stay within plus or minus .5 degree of the established
longi tude versus 10 Km for the LANDSAT. The other
difference is the cause of drift, or orbit change, at
geosynchronous. At that altitude drag is insignificant,
but the satellites do tend to drift out of their orbits.
At the geosynchronous orbit there are two nodal points at
105 West and 75 East, points the satellites tend to drift
toward. These nodes are stable points and tend to attract

distant satellites to them.

The drift rate depends upon the distance a satellite
is away from one of the stable points. There are no
formulas which determine drift rate for given locations.
This drift rate must be plotted by the analyst to determine
at what point the satellite drifts outside its particular
parameters. The following Figure 4-2 shows the drift for
the TDRS-A from January-April 1984. Stationed at 40.5

degrees West 1longitude, the TDRS-A tends to drift to the

105 West nodal point. From this figure, it is obvious that

an orbit adjust was required by 31 March or the satellite
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is also at geosynchronous altitude. Normally, 12

accumul ated from at least two




ground stations to determine the satellite position at
geosynchronous orbit. The average longitude is used to plot
the position and determine drift rate. Most satellites at
geosynchronus altitude require corrections every 30-90

days. The exact time depends upon the particular spacecraft

configuration, its 1location, and the drift rate. Only two
5 of those three factors are givens, the drift rate must be
determined by the expert - the orbital analyst. This
L& - expert task can be performed using Artificial Intelligence

techniques. The system required to perform the task would

be similar in design to an existing expert system - Ri.

Expert System Design

'v"'vliv'v

Previous sections have established the capability of
Artificial Intelligence techniques through working expert
systems and also the need for Al on spacecraft for
stationkeeping. Based on the task structure and available
technology, it is reasonable to expect that a

stationkeeping expert system would be similar to the

existing Rl system. A good analogy can be made for
stationkeeping tasks and the design function of R1. A
detailed explanation of R! will serve to point out the
similarities of the tasks and illustrate the design process

an expert system would need to follow for spacecraft

application.

&5
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R is a rule-based program which configures VAX-11
computer systems for Digital Equipment Corporation (DEC).
The program began its development in 1978 at the
CarnegieNMellon University by John McDermott. The system
uses a customer’s purchase order to determine what
substitutions and/or additions must be made to make the
order consistent and complete. It then produces diagrams
showing the spatial relationships of the 70-150 components
which might constitute a finished system. The most recent
additions to the program allow R1 to offer configuration
recommendations to the individual customer. Given floor
space allocations and room configuration (doors, windows,
other machinery), R! can provide plans to optimize the set

up and maintenance positions.

Ri seems to provide an excellent analogy to spacecraft
navigation. First, Rl is a forward chaining expert system
using rules to determine a "best" solution out of many
possible combinations. This is not unlike the navigation
subsystem which would have to determine corrections needed
and proper actions to take. Many combinations of thruster
burn are available for stationkeeping maneuvers, but only

one combination can be selected at a time.

Second, Ri, also called XCON, has grown a great deal

since its initial use in 1980 and is a proven system. Its

knowiedge base was sufficient to begin configuring
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VAX-11/780’s with about 800 rules. Rules would provide the ]
basis for spacecraft maneuvering in much the same way. As
RiI was wused to configure other types of computers, rules f
had to be added. The Knowledge base currently contains

over 10,000 rules and can be used to configure more than ,éﬁwi

six different computer systems (See Figure 4-3). The ’

growth potential is an important factor in the design of a

- ' program for spacecraft navigation. The navigation task may

k - begin to simply correct orbit anomalies, but it could grow )
to include optimization of fuel levels and spacecraft 1ife

{ through carefully orchestrated maneuvers.

()
-

NUMBER OF RULES
3250 —

3000 —

VAX-11/785 (1/84
VAX-11/72% (11/83
POP-11/44 (11/83 L
POP-11/24 (11/83 R ° 1
MICROVAX-1 (10/83
MICRO-PDP11 (7/83)

2750 =

POP11/23+ (7/82)

VAX-11/730 (3/82)

VAX-11/750 (3/81)

1 I | |
1/1/80 1/1/81 1/1/82 1/1/83 1/1/84
R1's Growth

., -

Figure 4-3. R1 Configuration Capability (3:22)
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Expert System Development 1

Development, as well as design, of an expert system )
program to provide spacecraft stationkeeping would also be
similar to that for the Rl system. Work on Ri began in i{;%

1978. Initial effort was spent on developing a

demonstration version of Rl to convince DEC to pursue the
program, Similarily, it would be necessary to provide a
‘; . demonstration of spacecraft navigation capabilities for a ) ;
typical system to convince satellite managers. By October tf.7

1979, R1 had 750 rules of computer configuration in its

’
i

Knowledge base and a data base which consisted of 450 . 1
component descriptions (3:23). By 1981, R!  had proven S
itself and DEC was anxious to expand its capabilities to
configure more systems. Having added 4030 component - 4
descriptions to the data base and several thousand rules,
Rl could configure all of DEC’s biggest selling computer

FRERE

systems by late 1983. -
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The development of Rl has been incremental. There are

basically four reasons why Knowledge was added to R1 over

SR

. the four year period. They are (3:25): R

= 1> To maKe minor refinement (adding Knowledge to

b improve R1‘’s performance on an existing subtask). - 1

. - ,' '_:1
2) To make major refinement (adding the knowledge :;_;
required for Rl to perform a new subtask). Ty

. oy

*' 3> To configure new system types. "]

ﬁ. 4) To extend the definition of the configuration

....................
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task in signinficant ways.

ﬂ Of the Knowledge added, about &5/ of the rules extended the

Aaoitsoan s

E general configuration capabilities while the remaining 354

I SRR

accounted for new rules specific to a single system type .ﬁ i‘

T

AR aSaing DR LA
.
.
. Aa

(3:25). Using this information, it appears to have been
relatively easy to add new system configuration capability '
because most of the added knowledge expanded the initial 1 }

task.

Why Al versus Conventional Programming?

The initial satellite stationkeeping task should be ' -‘
designed and developed at the simplest level. The first

demonstration of Rl‘’s capability was 1imi ted to

y-

configuration of one type of computer system and with a
limited number of components. The expert system designed
to provide spacecraft maneuvering capability should also be

demonstrated to show basic orbit maintenance. The critical

components during the design and development of an expert

'
ST s
o e
PRI

system for spacecraft wuse will be the knowledge base and

the data base. '

The Knowledge base will be filled with rules based on

=t

the input of one or more orbital analysts Since the tasks

for stationkeeping wvary slightliy with the altitude of the »{ﬁ}h

satllite the simplest approach would be to build the

kKnowledge base to analyze one type of orbit. Building the —

69
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knowledge base around the geosynchronous altitude would
involve analyzing such factors as current position, drift
rate, and predicted position. Subroutines must be built
into the Knowledge base to calculate spacecraft position
using sensor information from the data base. Current
position must then be checked against established
parameters for orbit accuracy. [If the current position is
outside the established boundaries, a orbit correction must

be made.

Once it has been determined that a correction is
needed, the Knowledge and data bases must interact closely
to calculate a solution. Drift rate affects how much delta
v is required to correct position and must be determined.

Orift rate is a factor of spacecraft position in relation

to the two stable nodes and also the previous drift rate.

Subroutines in the Knowledge base must calculate drift rate

each time position is determined and load that information

into the data base. The data base would then transfer the

current and past drift rates into the knowledge base where
trend anlysis must be done. At this point, the expert

system must call upon the expert knowledge and employ rules

v ﬁr-T‘*' e

of thumb for drift rate projections. The expert system PR

Ce
program must be able to make a "best quess” or estimate of
what the drift rate will be at the time of thruster burn. .Qiﬁf

It may seem that this prediction of drift rate is

unnecessary if all data is current and orbit correction can

70
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be done immediately, but that is not the case. Many more
factors have to be analyzed before thruster burn duration

can be proposed.

Factors such as propulsion system status to include
pressure and temperature will affect the amount of thrust

produced by various systems. This data must be fed to the

f
-
-
.
4 .
r'.

data base and then transferred to the knowledge base for
verification of system status. A rough delta v may then be
determined using reltatively simple formulas. That velocity
requirement must then be used to calculate the time of
thruster burn. The maneuver must be simulated using
elaborate satellite models and current system status.

Simulation results would be analyzed for various thruster

burn times and the "best” option would be selected.

This process sounds relatively simple until other
aspects of spacecraft maneuvering are taken into account.
Sensor accuracy must be verified based on previous
positions. Sensor outage due to solar/lunar interference
must be predicted. Spacecraft attitude, inclination,
longitude, and eccentricity must all be controlled during
the maneuver. The mission of the spacecraft must be
considered during the station move to include antenna
pointing and other payload restrictions. Even the initial
design for an expert éystem to provide autonomous

spacecraft stationkeeping must include most of these
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considerations if the system

reliable platform.

Information required in

inclusive):

Knowledge Base (rules)

Orbit determination
Orbit prediction

Drift rate determination
Drift rate prediction %
Calculation of Delta V
Select Thrusters %*
Determine burn times
Simulate maneuver

to provide a stable and

Knowledge base and data base (not

Data Base

Sensor info
Thruster status
Pressure

Temp

Historical info
Position

Drift rate
Spacecraft mass

Mission consideration * Component info
Select best burn time = Payload
Power

* currently done by human experts

The human expert currently must make decisions such as
firing the thrusters 3.8 sec versus 3.9 sec depending on
the results of the simulations and how accurately he feels
all of the +factors have been evaluated. In the example
presented in Appendix C, the analyst assumed the thrust
effeciency would be about 974. 1t was actually only 954
and the correction was low by a few meters. 1f the analyst
had assumed Ilower effeciency, and in fact it was higher,
then the orbit may have been over corrected. Selection of
the “"best burn time" is not always the biggest correction,
but it may involve being conservative to account for

varying factors or incomplete Knowledge.

The human may seem to be a small part of the entire




process, but it is a critical one. It is plausible to
develop conventional computer algorithms to correct a
satellite orbit given normal circumstances. On the other
hand, autonomy demands the program to execute proper
corrections for ALL circumstances. Computer algorithms

cannot account for sensor outage or predict low power

levels due to solar eclipse. To try and build a Fortran
program which could handle every type of orbit correction
k; - and under all conditions would be next to impossible. Even
if a conventional program could be built using optimization
techniques, what hapens when a thruster malfunctions and
%l the weights must be changed to reconsider the problem? Al

techniques allow an expert system to monitor all pertinent

factors and use only the information which is available to

perform the task at hand, even if the data is not complete.

Flexibility and the ability to deal with complex

problems are advantages of AI programming techniques.

There may be many goals during an orbit correction relating

to mission considerations, posi tion corection, fuel

T

optimization, accuracy of sensor data, and storage and )
relay of maneuver procedures, Operations Research goal _fA_I
programming and optimization techniques can be used but the
goals may change drastically for different corrections.
Changing the weights of various factors for each orbit

adjustment would bave to be done by ground personnel and

avutonomy is lost. Also, changes to normal algorithms would - J

73 S
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affect other portions of the overall program and require

b - programming experts working in concert with the orbital
&i analyst.
NASA has made progress in a similar area of spacecraft
il . navigation and recently disclosed information relating to a
E navigation expert system (NAVEX). NAVEX can be used to
assist the space shuttle during reentry into the atmosphere
i; . (16:79). The system uses Al techniques and is programmed
i in the LISP language. The expert system reportedliy can
{ handle more data and make accurate decisions more quickly
f. than the current team of human controllers and conventional
computers, One of the engineers with the program said that
the conventional programming techniques did not allow for
rapid decision-making or changing circumstances (16>. The
NAVEX has an elaborate Knowledge base capable of modifying

the approach and quickly adjusting to the situation. After

its performance has been thoroughly verified, NAVEX may be
able to replace two thirds of the current human controllers

who perfrrm the same task (16:79).

Performance and Reliability

Performance is as important to NASA as it was to DEC
with the R1 system. As dependence on Rl for system
configuration grew, reliability became an issue. The

initial measurement for success was "percentage of totally
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correct orders." This measurement did not discriminate
between gross error and insignificant error. Figure 4-4
provides a detailed account of Ri1‘s performance over the
past four years. It also shows the tremendous increase in
usage. There has been a significant reduction in the
percentage of problems attributable to missing or incorrect
rules. Other areas of note in this evaluation are
Controversial Issues and Bogus Problems. Controversial
Issues include errors identified by human experts where the
configuration works, but it may not be the same way a human
expert would have configured to system. The area of Bogus
Problems represents the number of times a human expert said
the R1 configuration was wrong and, upon detailed
examination, found out that the Rl configuration was the

most correct.

R1 has configured over 80,000 cases and is still not
perfect. A KkKey issue about expert systems is that they
will probably never be correct 100X of the time. They can
only operate at the same level as a human expert. Just as
human experts are not perfect, it is not reasonable to
expect perfection from the expert system. The domain R1
works in is constantly changing, as is the space
environment, and KkKnowledge can be added or deleted as

necessary to meetAthe situational demands.

The progression for Rl from initial development to
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implementation was short, but the changes necessary to
build confidence and reliability were extensive and done
over a four year period. "Expert systems supposedly are
easy to develop incrementally, and, at some point, become
as good as human experts. Rl lends some credence to both

of these claims "(3:32).

Support for the first claim is the fact that, although
(‘ : Rl development was extensive, the process of gradual change
3 over four years has increased system kKnowl edge
substantially without having to "start from scratch®" with
each change. The second claim is substantiated by the fact
that the number of times human experts - erroneously
concluded that R!1 misconfigured systems is about equal to

the actual number of misconfigurations (3:32).

Given this simplified explanation of the workings and

success of R1 and the process of orbital adjustment as

performed for the LANDSAT and other satellites, it is

reasonable to conclude that an expert system could be

%’ designed to perform spacecraft navigation. Orbi tal
' analysts would have to help create the rule base for the
system and the data base would quickly be filled with
satellite wunique information. Now the real question: why R
should expert systems be placed on board satgllites, and is

it cost effective?
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Section V

Expert System Feasibility for Spacecraft

The previous sections have established that Al
techniques can perform satellite stationkeeping needs. The

worth of that option is the subject of this section. The

Ml

need for spacecraft autonomy will be explained in more
detail as the groundworkK is laid for a comparison of the

existing ground control network and the proposed expert

.'r'Y.vT

system. A brief description of the satellite ground
control ne twork will outline its complexity and
Fi vulnerability. Emphasis will then shift to the machines on
ﬁi which expert systems operate to include the size and
g- weights of current equipment. A rough cost analysis will
‘i then be done to compare the existing ground support costs

for the DSCS to the cost of implementation of an expert

system.
}
- Au tonomy
S
i; Space assets have become critical to many countries,

but particularly the United States. The use of space has
matured and is increasing. Many systems vital to national
L security have been placed in orbit as the Department of
Defense exhibits a willingnesns to make use of the "high

frontier." Current space systems provide communication and
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navigation links and surveillance and meteorological
information. Survivability becomes an i ssue when
dependence on space platforms is established. The

satellites are only one element of a space system. The
ground stations and control centers are also vital parts of

the entire system (see Figure 5-1).

COMMUNICATION

Figure 5-1. Military Dependence of Space (i1:4)

This current system presents a survivability problem
because the satellites depend on vulnerable fixed ground

stations for support including (11:5):

1. Keeping the spacecraft heal thy.
2. Maintenance of spacecraft and payload.

3. Location of platform.

4. Providing sequences of commands for mission
performance. Commands can be either real time or
stored.
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Satellite dependence on the ground stations affects
spacecraft endurability. Endurability refers to the
*ability of the spacecraft to maintain a required level of
performance during its designated life span throughout the

spectrum of conflict®” (11:5).

Ground System

The current ground system is responsible for the
control of 804 of all U. S. military satellites and
operation costs are in excess of $400 million a year (11).
The Air Force Satellite Control Network (AFSCN) is the
organization tasked with the Air Force command and control
responsibilities. The mission is explained quite well by

the AFSCN Communications Operations Concept (1:1-1):

The AFSCN is a global network of space and ground
tracking, telemetry, command, mission operations
and data transfer resources that support manned
and unmanned Department of Defense (DoD) and
National Aeronautics and Space Administration
(NASA) programs. Figure 5-2 shows the three
basic elements of the AFSCN: (1> control
centers, (2) remote ground facilities (RGFs), and
(3) communication links.

This document goes on to say that

Space communications through all levels of
conflict was a major factor in consolidating
space programs and ground control elements to
establish a military space network called the
AFSCN.
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Figure 5-2. Elements of the AFSCN (1:1-2)

The command and control segment of the AFSCN is

divided into five functional areas; mission control, range

control, data distribution, system development and support,

and remote interface. The first four are performed at the

Satellite Test Center (STC), Sunnyvale AFS, California.

Remote interface is done by seven Remote TracKking Stations

(RTS) located world—wide.

The mission control function includes personnel and

equipment distributed among eight mission control complexes

{(MCCs). The MCCs are the hub of the command and control

segment and do mission planning, contact support, and post

contact evaluation (9:9). A contact support plan is

developed to coordinate control execution of the entire

satellite control ne twork during contact with the

satellite. During satellite contact, tasks such as orbital
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maneuvers and routine health checks are made. This process
may require two separate satellite contacts. Preliminary
contact is made during a satellite pass over a designated
RTS to collect information relating to orbit determination,

command analysis, parload performance, and supporting

resource status.

The next satellite contact would be real-time
e execution of directed commands. It may be necessary to
make an orbit adjustment, reconstruct or load memory

locations, or transfer fuel for proper distribution. aAll,

or any of these actions and many more which relate to the
health and maintenance of a satellite are planned on the
ground by system experts before they can be directed to the
spacecraft. After final communication with the designated
spacecraft, an evaluation is conducted to include analysis
of orbital parameters, performance and trends, command and
control 1links, resocurce distribution, and the payload.

Data collected during the evaluation is used to plan for

the next contact event (9:24).

Range control, data distribution, and system f‘f
development are the other three functions performed at the 5f’H
STC. Range control is responsible for controlling access e

to the capabilities available at the various Remote

Tracking Stations and Mission Control Complexes. The Range

'y

Control Complex (RCC) manages range planning, schedule -
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control, system control, and maintenance control (9:12).
E _ Data distributionn is responsible for the secure transfer
of data between the RCC, MCCs, and the communication
equipment at the Satellite Test Center. Finally, system
development and support provide an independent center for
sof tware development, testing, training, and general
management information support. That center, the System
Development and Test Laboratory (SDTL), provides the
necessary operational environment and simulation capability
to accomplish the assigned tasks without tring up critical

resources (9:464).

The fifth <functional area of the command and control
segment, remote interface, is 1located at the Remote
Tracking Stations. The seven RTSs located worldwide
provide the critical telemetry, tracking, and command

(TT&C) 1link between the spacecraft and the satellite test

center. Location of the RTSs dictates the primary mission
and coverage capability. The Vandenburg RTS, located at Ei;:
Vandenburg AFB, California is used for launch support and :
ballistic missile support in addition to on-orbit support. T
The Thule, Greenland RTS provides support for all polar
orbiting satellites on each of their revolutions. The

Indian Ocean RTS monitors orbit injection during high o

. .
e
P P B AR

alti@ude launches and is the primary station for orbital

tests of the Space Shuttle. The RTS in Guam privides

orbital suport for most of the synchronous spacecraft ffﬂ
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(9:84). The rest of the RTSs have Key locations and
provide valuable data to the Satellite Control Network.

The network is extensive and complicated, but necessary. A
viable alternative to this complex network is satellite

autonomy.

Satellite au tonomy is the capability to perform
routine heal th and maintenance functions onboard,
independent of vulnerable ground support , for a specified
useful period of time. Autonomy would allow spacecraft to
receive new commands from surviving military users in a
crisis situation. If the vulnerable fixed ground centers
are destroyed, the satellites will have the capability to
operate independently until contact is made by surviving
units such as the Transportable/Mobile Ground Station (see

Figure 5-3).

NEALTH MANAGEMENT
o SPACECRAFT MAINTENANCE
» POSITION OEVERMINATION
« COMMAND SEQUENCING
SURVIVABLE GROUND TERMINALS

PERFORM TRADE-OFF WITH
© ONI0ARD CAPABILITY

Figure 5-3. Mobile Ground Control Concept (11:14)

84




........................

The future of satellite autonomy lies in the ability
to produce computers that can close the control loop on
board. There must be a transfer of command and control
capability <from the ground to onboard computers. This
*transfer requires implementing past spacecraft experience
into heal th, maintenance and navigation algorithms®
(11:16). Once this experience and that of the human ground
control experts is tapped, the hardware and software

package need to be put on an operational satellite.

Expert System Machines

Five years ago it would not have been realistic to
discuss putting a hardware and software package using Al
technology into space due to size and weight 1imitations.
During that time howevar, computers designed to operate
with AI techniques have progressed rapidly. LiKewise,
competition has increased significantly and the market for

expert system machinery is alive. Cost, although still

high, is competitive when overall capabilities and

flexibility are considered. -

There are many emerging companies focusing on the Al

market. First, a brief explanation will be provided to :.,J

answer the question why Al has prompted "new® companies to

¥ develop unique "Artificial Intelligence Computers." The

3 field of Al has been using a language called LISP for over fiz
5 ';:‘;
- AN




20 years. LISP offers greater symbol manipulation and
generally a more flexible environment in which expert
systems can develop. It has evolved into a lanquage that
can deal wi th complex and unpredictable data that
traditional programming techniques cannot handle. Powerful
sets of editing and debugging tools have been developed for
programming in the language. As a result, large, complex
programs can be written, tested, and modified much more

easily with LISP than with any other programming language.

Before LISP machines were developed, however, the LISP
programs were run on traditional mainframes. As most of
those machines were designed to use Fortran and made use of
numerical language optimization, LISP programs incurred
substantial software penalties and included a great deal of
overhead for proper execution. The LISP 1language then
"remained in the research lab, where functionality, rather

than speed, was the major consideration® (23:2-1).

Al laboratcries were started in the early 1970s at
Carnegie-Mellon University and Massachusetts Institute of
Technology to <further research. @ direct result of those
labs was the development of LISP machines. The machines
were designed to run LISP efficiently. The first
stand-alone LISP machine made at MIT was developed in 1977,
Since that time, people involved with developing the
initial machines have founded corporations and introduced

LISP machine technology to the marketplace.
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Two of the big names in the commercial world are
Symbolics and LISP Machine, Inc. (LMI). Other major
computer companies are also Jjoining the LISP machine
competition. Texas Instruments is now promoting a LISP
machine said to be the most powerful, smallest, and
lightest available. That machine is so new that detailed
specifications are not available. Symbolics and LMI each
have LISP machines in the marketplace and have made
tremendous advances in technology during the last five

rears.

Symbolics’ newest machine is called the 3470. The
main processor has been reduced to only 24" wide by 55"
high by 34.5" deep and weighs about 450 pounds. That is
smaller than a standard four-drawer filing cabinet. For
comparison, LMl produces the LAMBDA series of LISP machines
and its system main cabinet is 21" by 40" by 35.3" and
weighs about 300 pounds. The Texas Instrument machine is
said to be about one-half the size of the current

state-of-the-art, but exact measurements are not kKnown.

Results of commercialization of Al dedicated machines
have been increased capability, reduction in size and
weight, ;nd competitive cost. Cost will be <further
explained in the Cost Analyzis section. Capability, size
and weight of LISP machines are critical factors when

considering *‘hem for spacecraft application. The DSCS I]I
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has a dry weight of 2000 pounds and is capable of carrying
600 pounds of propellent. The addition of 500 pounds for
an expert system would not seem feasible at this time, but
reduction in weight seems to be a factor of advancing LISP
machine technology. As the new machines are developed,
such as the one by Texas Instrument, size and weight are
reduced. New computer technology such as Very High Speed
Integrated Circuitry (VHSIC) will also serve to reduce size

and weight of the LISP package substantially.

The computer currently wused on the DSCS IIl is the
PDP-11 made by General Electric and Digital Electronic
Corporation (27:86). It is one of six computer systems
that have been space qualified by Air Force Systems Command
Space Division. The range of the weights for the six
systems is from 40 pounds to 110 pounds. The Department of
Defense has initiated a VHSIC program costing $320 million
over six years which should yield significant benefits for
space application (27:95). More detailed cost information
unique to expert system development for spacecraft

navigation will be presented next.

Cost Analysis

Spacecraft au tonomy is an important factor in
increasing the survivability of space assets, but in this
day of tight budgets, cost is equally important. The use

of expert systems on spacecraft could be used to reduce the
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dependence on ground centers, but at what cost? If the
system cannot be made cost effective, it is not likely to
be implemented. The previous section highlighted some
companies in the AI machine building business. Given that
competition and technology will only lower the costs and
improve the capabilities, it is safe to assume that the
cost of present day machines provide a good baseline for

discussion.

Lisp Machine Cost

The government price for a Symbolics 3670 LISP machine
is $102,500. That is a small amount considering that the
cost of most complete satellite systems is in the hundreds

of millions. The initial price of the LISP machine is

deceiving because it is not a space qualified computer
system. Seven characteristics must be considered when
building a computer system for spacecraft use: 1)

throughput, 2> memory, 3> input/ocutput, 4) electrical power
requirements, 5S> reliability, 6) parts qualification, ?7)
radiation bhardness (27:86). It is not within the scope of
this project to explain each of these characteristics, but
suffice it to say that meeting space qualifications is a
costly process. It is a conservative estimate that initial
hardware costs may increase by as much as ten fold due to
stringent requirements,. Therefore, the LISP machine
hardware could cost as much as %1.02 million. After

production, computers must be put through rigid space
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qualification tests which cost about 1 million each
(27:90) . Adding hardware ($1.02 million) and space
qualification ($1.0 million) costs raises the cost of the
LISP machine to $2.02 million each. This is a more
reasonable figure and one which can be used to make

approximate cost comparisons.

t: Development Cost

Development costs for expert system programs have
decreased during the past 10 years due to increased
experience, developmental aids such as intelligent editing
programs, and the ability to make use of  existing Al
systems. As already pointed out, it would be possible to
use R1, computer configuration system, as a base for -
further refinement of the spacecraft navigation problem.
1f the time to develop the new expert system follows the

pattern established by previous examples, it could take A

five man-years to complete.

% Using the DSCS system as an example, the process would

{: ’ necessarily involve one orbital analyst devoted to filling

;: . the Knowledge base for the navigation task. Assisting that

expert would be one or two "Knowledge engineers® who would )
be fesponsible for integration of the knowledge into the

Knowledge base and construction of the inference engine.

Another technician would be resposible for filling the data T

base with DSCS particular information concerning thrusters,
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fuel capacity, subsystem interactions, and sensor Eﬁ;ﬁ
interpretations. Given that these highly skilled people ﬁ,ﬂ;

could command as much as $100,000 in salary per year, plus , .

allowing some room for extra personnel assistance, the ‘ﬁff;

development cost should be about $500,000. This figure

AN
S

might seem quite 1low, but it is only the cost associated
with development to the demonstration phase.

) After the system has demonstrated adequate performance '
and been given further approval, more costs will be ':' ?
incurred as the same basic group of skilled people refine ;: i
and test the system. Testing an expert system for '
spacecraft use would have to done on the ground due to the -l&i
access needed for changes and fine tuning. It is .;;:
reasonable to expect that the fine tuning period might take :
as long as it *as taken Rl to become approximately 984 :;3ff
efficient. That time, from 1980-84, when R1 was being used :i;;
and modified represents four years of refinement necessary ' D

to reach desired performance goals. Figuring that the

basic development group is composed of four members for

| AR S T

four years adds another $1.6 million to "development” costs
before the satellite navigation expert system is ready for

implementation. Thus the cost of development and testing

(- T
e
PP

F ) an expert system for use on the DSCS is approximately $2.1

: million. E
[]

% The cost of implementing LISP machine design into -

space qualified hardware was previously given to be
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approximately $2.02 million. The cost to outfit an entire
satellite system such as DSCS, which is currently made up
of six DSCS 1Is and one DSCS 111, with the necessary expert
system to perform autonomous navigation would be around
$14.14 million. As previously mentioned, this cost is in
addition to costs necessary to provide the appropriate

improved sensor capability.

NAVIGATION EXPERT SYSTEM COSTS (% MILLIOND

Initial Development to Demonstration 9
Refinement and testing 1.6
Hardware for current DSCS (7 satellites) 14.14

Total - 16.24

The DSCS orbital support is currently being provided
by contract personnel at the Satellite Test Center. The
orbital support contract employs about 33 civilians who are
divided into shift workers and administrative personnel.
The annual contract cost is approximately $3.25 million.
Once the expert system reaches the demostration phase, it
is likely to be able to reduce the need for contract
personnel . R1 was able to function quite well in its
initial capacity to configure one type of computer system,
relieving human experts of that task. Some orbital
analysts would still be required, but only to monitor the
system and verify the orbit corrections. If personnel were
reduced by only one-third, a conservative estimate, the
first year savings would be: $1.08 million <(contract

savings) minus $.95 million (development cost to

........................................................
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demonstration) equals $.58 million.

It makes more sense however, to analyze the savings at
the end of four years when the expert system should be
fully operational. By that time refinement and testing
expenses makKe the total cost of the expert system $2.1
million. After the expert system has established itself
and proven to be reliable, it would be possible to further
reduce contract personnel. After four years of testing and
adjustment, implementation of the spacecraft should be able
to reduce the orbital support by about two-thirds. This is
the same strategy being considered by NASA with the advent
of NAVEX. The remaining personnel should ‘be able to
perform periodic checks on spacecraft position and verify
autonomous performance. It may be necessary to update
position or make mission specific requests which affect the
orbit such as changing inclination to accommodate users,
I1¥f the personnel and contract costs could be reduced by
two-thirds, the annual savings would be about $2.15

million. During the fifth year then, the savings would be

$50,000. Every year after that results in a savings of
about %2 million, subtracting expenses for maintenance of ti;iij
the expert system. The savings are attractive, but
autonomy has not been achieved and the 1ink between ground N 1

and space is still vulnerable.

Inplementation of a space qualified expert system is

,.4,“.._
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Ll

the way ¢to achieve autonomous satellite navigation., The
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cost to reach this stage was previousliy given to be $2.02
million for each satellite. This was assuming a ten fold
increase in current hardware cost to develop a space
qualified LISP machine. The following table presents the
break even point (in years) by allowing hardware cost to
vary from S to 1S times current prices and analyzing cost
savings as the DSCS orbital support program is changed for
personnel reductions from 1/3 to 2/3.

The final cost for a seven satellite system including
machine cost, space qualification cost, and RDT&E is:

$12.6 million (assuming 5 fold increase)

$16.24 million (assuming 10 fold increase)
$19.8 million (assuming 15 fold increase)

Contract cost savings are calculated using $3.25 million as
a base and reducing it by 1/3, 1/2, and 2/3.

Break Even Point (in years)

Expert System Annual Contract Cost Savings ($ million)
Cost (¢ million) 1.08 (1/3) 11.63 (1/72) ,2.15 (2/3)

12.6 11.5 7.7 5.8

16.24 15 10 7.5

19.8 18 12 9

Using this table as a basis for discussion it is .

"

obvious that if the DSCS has a lifetime of 8-10 years and AN

if personnel are reduced by only one-third, cost savings do

-

not materialize. The more 1likely cases fall between

PP DU Y

personnel reductions of one-half and two-thirds and in five

of the six cases a break even point is reached or cost Q5ft

savings are realized. T
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These are rough figures used for comparison and it is
obvious that implementation of an expert system would not
pay for itself in the first year. It is interesting to
note, however, that as the satellite extends into its

useful lifetime, 8 ¢to 10 years for the DSCS III, the cost

savings do materialize in all except the extreme cases.

There are many associated costs that are difficult to

- S
ol analyze such as reduction of use of the Remote Tracking 3
Stations for routine orbit adjusts, costs of expert system __;
maintenance and modifications to existing satellite systems ;i]
’ or future systems. It is certainly difficult to associate _f

cost savings with increased survivability which is a result

of autonomous spacecraft operation, Even the most

‘ conservative estimates result in a cost savings or break ’_ ]

j even point within the useful lifetime of the spacecraft. fii
Spacecraft autonomy is a valuable asset that would be nice %;ﬁ

‘ to get for free, but it may also be worthwhile to pursue it :“‘T

at some small cost to the overall program.

Obviously, these are <fuzzy numbers and long projections .
which may not be 100X accurate. The fact remains, cost
savings can be attained and satellite survivability can be
increased by autonomous spacecraft systems. Artificial
Intelligence technjques and expert systems can provide

increased satellite autonomy at reasonable costs.
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Section VI

Conclusion and Recommendations

This study has applied an aspect of Artificial
Intelligence <(expert systems) to the development of new
technology for practical applications. The field of Al
pertaining to expert systems was narrowly defined as “the
building of machines which can mimic intelligent human
behavior."” There is much more to Al than just expert
systems. Al research includes robotics, natural language
processing and more. However, the initial focus of this
study was implementation of an expert system on space
platforms to perform housekeeping tasks. A review of expert
systems demonstrated current capabilities and established
the possiblity of implementation for spacecraft tasking.
Spacecraft tasking for the DSCS 111 was analyzed in detail

and deficiencies in autonomy levels were noted.

Artificial Intelligence research has.made it possible
to build expert systems capable of performing at the expert
level in many narrowly defined areas. Through the use of
an extensive Knowledge base, expert systems can use
sophisticated problem solving techniques to produce results
beyond the scope of conventional computer programs.
Application of Al techniques in expert systeme is limited

to narrowly defined tasks much the same as human experts

?6
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are limi ted due to specialization of Knowledge and
experience needed. Experience is translated into
heuristics for the expert system. The program is then able

to operate even in the absence of complete Knowledge.

Many successful expert systems such as MYCIN,
PROSPECTOR, and R1 use heuristics to +fill in gaps of
information. Expert systems are able to provide "expert
decisions" which have been evaluated to be as correct as
human experts”. PROSPECTOR continues to assist geologists
on specific mineral deposit problems. MYCIN has provided
reliable medical advice in the area of infectious blood
diseases and is ready for clinical use. Rl has been used
exclusively by Digital Equipment Corporation to configure
computer systems and is saving them time and money. The
increasing number and expanding capabilities of expert
systems made the idea of implementation on a spacecraft the

next logical step.

That possibility was further examined by taking a
close 1look at the spacecraft tasking to determine the need
for Al techniques. An autonomy assessment of the DSCS 111

oulined tasks which needed enhancement in order to increase

~satellite autonomy. The Space Technology Center is

proposing to increase satellite autonomy with a project

called the Autonomy Redundancy and Maintenance Management
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Subsystem. It was determined that an expert system is
needed most to perform accurate and independent
stationkeeping and could be augmented by mini-computers
being proposed by the ARMMS for other routine tasks. The
Space Technology Center has proposed that significant
progress can be made in spacecraft autonomy with the
implementation of ARMMS. The inclusion of an expert system

for navigation would only serve to increase that progress.

It is ltikely that as Al technology is developed and an
expert system is designed for spacecraft stationkeeping,
all facets of satellite housekeeping can be incorporated
into the program. The expert system could be destined to
perform the overall spacecraft controlling function using
inputs from distributed mini-computers. That possibility
exists because Al provides the flexibility and capability
to interact with various components, maintain overall
control, and provide intelligent feedback to ground
personnel. Since the interaction capability of expert
systems is still being developed, this study 1imited

spacecraft tasking to orbit maintenance or stationkeeping.

It was then possible to provide an explanation and
examples of orbit maintenance by examining the process as
done by orbital analysts at Goddard Flight Test Center.
The orbit cﬁrrection task was presented for a low earth

orbit and contrasted with that for a geosynchronous orbit.
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Al though the factors causing orbit degradation varied for

the two altitudes, the process of correction was quite

[‘ simitar. Both cases require human judgement to select the
final spacecraft maneuver for orbit correction. This
Jjudgement is considered to bhave been developed by

g
2
n
|
b

experience and gives credibility to the title "expert" for
an orbital analyst. It would be necessary to transfer this

expertise to a working expert system.

Research pointed to an expert system developed by
Digital Equipment Corporation, Rl, which was similarly
designed and had proven itself reliable. A case was then
made for the paralliel design and development of an expert
system for spacecraft stationkeeping. During the design of
an expert system, the Knowledge base stands out as a
critical component. It would not be any less so for the

stationkeeping task. The information required to perform

the stationkeeping task and the transfer into rules for the
knowl edge base were briefly described. Interactions
between the data base and Knowledge base are extensive and
only the basic functions were presented. From that
presentation it should have been clear that Al technology
could support tre development of an expert system for

spacecraft stationkeeping.

It was necessary to then take a hard look at expert

. « ‘
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v
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b system cost and the wvalue of autonomy which is gained by
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deployment of the system. Autonomy was explained as a
factor which can increase survivability of space resources.
{ Current satellite survivability is limited by the o
vulnerable ground control 1link. Dependence on that link

could be reduced by autonomous expert systems on board

et s co
f A
e, ) Lo
Aad lata e alain da o'y oale o e e

¢
-. ) satellites. The cost of such systems was then presented

using cost estimations and other government studies which

examined ways to reduce satellite dependence on ground

A e e bt

systems. The final result: Al technology is available to

build a cost effective expert system to perform spacecraft Co

stationkeeping.

The expert system was not only cost effective as an

Calale v 0 A

aid to the current ground system, but also as an integral

part of an orbiting spacecraft. Sateltite autonomy is
increased as a result of an internal navigation expert
system at very little or no cost. 1f satellite autonomy is

deemed not necessary in future space system planning

‘
N

[

(unlikely, but possiblie), then AI can still contribute to
effective ground control operations by assisting human

orbital analysts with their current tasks. The development

s

of expert systems is ripe for spacecraft exploitation. The
question of Al wuse in space should turn from: Can we use DR

Al is space to how best can we use Al in space?

There are still some technical issues such as size and

weight that should be addressed. Can an expert system -
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design be implemented on a small enough package to be
placed on board the satellite? Research in this area
supports reduction of size and weight as a normal
"next-step.” LISP machines are being produced with more
capability and in smaller packages. This is an area that
needs more study, but with the advent of VHSIC and
increased competition, it should only be a short time
before a reasonably sized LISP machine can make its way
into space. If development began today on an expert system
for orbit maintenance, it would still be 5-6 years before
it would be ready for space use due to the need for
demonstration, refinement, and wvalidation. By that time

the necessary hardware will surely be available.

RECOMMENDAT I ONS

Given that space assets are only going to increase in
importance, it is essential that they be made more
survivable. One aspect of that survivability is increased
autonomy. Autonomy can be achieved through the use of
Artificial Intelligence techniques and the development of
an expert system to perform orbit maintenance. The Air
Force needs to pursue this area of technology immediately.
The Space Technology Center has begqun to make efforts in
this direction with the Satellite Autonomy Program, but
more emphasis should be placed on the use of Artificial

Intelligence.
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One area of emphasis might be to determine accurate ) J
cost estimates +for LISP machines and Al programs which are 3
space dqualified. Another might be to build an expert ;?
system to assist orbital analysts on the ground, similar to : %i
NASA‘s NAVEX, and 1let the system slowly work its way into
F space as technology becomes available. Certainly follow-on
: thesis work could be done to build an expert system program » E
kﬂ to demonstrate orbit correction capabilities. Once the
process of development beqins for an expert system,
; enthusiasm and realization of its capabilities will carry ;
‘. it to even greater performance. ]

A I
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LEVELS OF ATONOMY
(Reproduced directly from Reference 10)

In performance of a space mission, four major policy goal cateqories
have been identified. These are:

(1) Ground interaction reduction,

(2) Spacecraft integrity maintenance.

(3) Autonomous features transparency.

. (4) On-board resource management.

The extent to which these goals have been accomplished to date has been
through a mix of functions resident in either the space segment or the
ground seqment. Furthermore, the ground segment, as an integral part of the
total system, has been responsible for accomplishing maintenance, navigation

mission control, and payload data processing. Thus, only minimal spacecraft
autonomy has been needed.

The levels of autonomy described in this appendix are used to define a
step-wise increase in spacecraft autonomous capability. By proceeding
through the levels, autonomous capability is increased in the space seamant
and dependency on the ground segment is reduced.

The levels of autonomy are described as follows:

Level 0. A design without redundant elements which meets all mission
needs by operating without the on-board control of state parameters {such as
rates and position). May respond to a prespecified vocabulary of external
commands, but cannot store command sequences for future time-or event-
dependent execution or validate external commands. (An open-loop, on-board
system controlled from the ground.)

M Dan

f Level 1. Includes Level 0 but uses on-board devices to sense and

; control state parameters (such as rates and positions) in order to meet

: performance needs. 1Is capable of storing and executing a prespecified
command sequence based on mission-critical time tags. Will respond to
prespecified external commands, but cannot validate external commands,
functionally redundant modes may be available for a degraded-performance

mission.

Level 2. Include Level 1 plus the use of block redundancy. Ground-
controlled switching of spare resources is required, Uses cross-strapping
techniques to minimize effect of critical command Yink (uplink) failure
modes. Significant ground-operator interaction is required to restore
operations after most faults if spare spacecraft resources are available.

A~1
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v ) Requires operator interaction for fault recovery. Is capable of storing and
! executing mission-critical events which are sensed on-board and may be
i{ndependent of time.

Level 3, Includes Level 2 and s capable of sensing prespecified '
mission-critical fault conditions and performing predefined self-preserving o
(entering a safe-hold state) switching actions. Is capable of storing B
contingency or redundant software programs and being restored to normal
performance (maintaining the command link with a single link fault) in the
event of a failure. Timers may be used to protect resources. Requires
ground operator interaction for fault recovery. In general, the failure to '
sense and/or execute the mission-critical event(s) will cause mission
failure or loss of a major mission objective.

prespecified and stored command sequences based on timina and/or sensing of
mission events. Ground-initiated changes to command sequences may be

b . checked on-board for syntactical errors (parity, sign, logic, time). lses )
: coding or other self-checking techniques to minimize the effects of
internally generated data contamination for prespecified data transfers.
Requires ground-operator interaction for fault recovery. In general,
fatlure to sense and/or execute the mission event(s) or state-changes
(excluding failure-induced state-changes) will cause mission failure or loss o
of a2 major mission objective, T

E \'. - Level 4. Includes Level 3 but is also capable of executing

Level 5. Includes Level 4 and is also autonomously fault-tolerant. Is
capabTe of operating in the presence of faults specified a-priori by
: employing spare system resources, if available, or will maximize mission
performance based upon available capability and/or availahle expendables
{ (i.e., self-loading of contingency programs} without ground intervention.

— .v‘-v

: tevel 6., Includes Level 5 and is capable of functional commanding with

} on-board command-sequence generation and validation prior to execution.

i Functional commanding may include a high-level, pseudo-English language,
spacecraft-system/operator communication and control capability,

tevel 7. Includes Level 6 and is capable of autonomously responding to S
a changing external environment, definad a-priori, so as to preserve mission

; capability. The capability to change orbit in order to compensate for -
; degradation or to protect the satellite from an external threat is -
: included.

Level 8, Includes Level 7 and is capable of operating successfully
within the presence of latent design errors which could cause loss of major
mission objectives.

3
o

Ltevel! 9. Includes Level 8 and is capable of task deduction and L
internal reorganization based upon anticipated changes in.the external o
environment. This situation is exemplified by multiple satellites operating S
L in a cooperative mode. In the event of a satellite failure, remaining o
. - satellites would detect autonomously the condition (task deduction) and may L.

- generate and execute orbit-and spacecraft-reconfiguration commands, \_

A=2 : ::;.j::f




Level 10. Includes Level 9 and is capable of internal reorganization
and dynamic task deduction based on unspecified and unknown/unanticipated
changes in external environment. The system will strive to maximize system
utility. Thus, mission objectives should be adaptive and automatically
reprogrammablie. System resources should be maximized to preserve task
adaptiveness.
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LANDSAT-5 0.A. NO. 09

(1 0F 5)
APPENDIX C
ORBIT ADJUST REQUEST
(0CG TO 0CC)
T0: Beucg SHAaPiRo X oryL TIME: $4YoY25 /60000
FROM: bick  STRAFELLA X Soy? TIME: 840425 /toooo
REQUESTED O0.A. TIME: gYo0430 211400 (2)
[ REQUESTED STATION: MADRID
ORBIT ADJUST TYPE: [V ORBIT MAINTENANCE
(] INCLINATION
' ] oTHER
ORBIT ADJUST MODE: [_] PRIMARY
i [ sackup
REQUESTED BACKUP STATIONS: NORTHERN / ASCENDING PASSES
4

i COMMENTS:




R . Ty r——— > A St SEN G S AT At i

..... - e s
T T (O ) __JI
ORBIT ADJUST PREPLAN ' )
(0CC T0 0CG) 4
TO: DICK STRAFELLA X G049 TIME: _gYo¥2s _ttoooo (2]
FROM: __ RRuCE SHAPmRO X oryl, TIME: _R4o42S_ __ leo000 _(2)
SUGGESTED STATION CONTACTS: o]
STATION REV AOS DURATION MAX EL
a. MADRID 8§77 210888 /1250 L7
b. MADRID 87% 2248492 ____0%2¢ L S :_
Cc.
FUEL TANK STATUS: 3
DATE 840424 j/ s o]
TIME 033342 -osiz3s (Z)
REV 779
PRESSURE 271.23 PSIA ]
TEMPERATURE  T1 1690 % o]
2 o3 C ORBIT AVERAGE &
T3 17,33 ° ) 4
TIA 13.30 ° ©
HYDRAZ INE Y9,.57 ___ LBS '
TRANSLATION THRUSTERS: [ ] 8, 0  [A'A, ¢ []A 8,C 0D
ATTITUDE THRUSTERS:  [AB, 0 [J A, C o
YAY MANEUVER: [ NOT PLANNED [] PLANNED ___ DEG 1
PITCH MANEUVER: [V NOT PLANNED [JPLANNED ___ _ DEG :"-":::.1
SOLAR ARRAY: [VAAT NouINAL RATE [ AT 278° []otHer __ _ DEG ]
COMMENTS :
«
]
i '_g}
~C-2 :

.........................................

...............................................

.......................................
.....




—r— T Ty - — - il &

T 3oy
ORBIT ADJUST PLAN
(0CG TO OCC)

T0: BRucE SHAPIRO X o1y, TIME: 840424 lt.oooo (2) i ' :h
FROM: _ DickK., STRAFELLA X 5049 TIME: Y04 2¢ /60000 (2) <
S
DATE 840430 [ 12 RO

REV €77 ’
STATION __mABRID ‘
| NOMINAL START TIME 211900 (Z) LATEST START TIME _ 211L00 (2) ]
' BURN DURATION (TOTAL) 7¢80 TOTAL THRUSTER MSEC } DO '
BURN DURATION (PER THRUSTER) 3840 MSEC E?(ggeo
| TRANSLATION THRUSTERS: []8, 0 [AA,C []A.8,C, 0D Voo
ATTITUDE THRUSTERS: (48,0 [JA. ¢ , ]
YAW MANEUVER: [ANOT PLANNED [J PLANNED DEG -
A PITCH MANEUVER: (cfnor pLanned  [] PLANNED DEG y ‘"“]
SOLAR ARRAY: (AT NOMINAL RATE [T] AT 278° [] OTHER DEG
ESTIMATES: -
' a. BURN START  LATITUDE ___ 34.9 w i)
LONG I TUDE o.L ¢ E '.-_]
b. SEMIMAJOR AXIS CHANGE _ +0.IS9 KM
] c. INCLINATION CHANGE +0.00 _ DEG "
d. ORSITAL PERIOD CHAMNGE  +@.2  SEC ’
e. FUEL USAGE — 0./t LBS
0 - f. PRESSURE CHANGE -0z PSIA L]

COMMENTS:

» v
| c-3 5
'. .
: =
e L o e e e e e e L




~~ AR A O CafiRoufi g B it

LA onl T UoMN. Itu. -&J*'
ORBIT ADJUST POSTBURN REPORT (4 0F 5)
(ocC TO 0CG)
T0: DicKk STRAYELLA X 5043  TIME: gYyosod 130000 (2)
FROM: _BRuce SwAriko X o/Y4¢ TIME: 840502 I30000 (2)
PLANNED ACTUAL
DATE §v0¥30 [ 121 gy0430 / 121
REV 27 877
STATION MADdRID MADRID
BURN START TIME 2114900 (2) 201903 (Z)
BURN STOP TIME 21 1404 (2) 1407 (2)
TRANSLATION THRUSTERS [ ]B, D []s.0
[ c [ c
[:] A, B, C, D [:] A, B, C, D
ATTITUDE THRUSTERS [48. 0 [A8. 0
O ¢ Oa ¢
YAW MANEUVER o DEG _ o DEG
PITCH MANEUVER o DEG o DEG
SOLAR ARRAY N.E. DEG vk DEG
TOTAL THRUSTER DURATION .80 MSEC 7424 MSECY | 0ADED
TIMER DURATION 19y MSEC
BURN TERMINATION [E]’EOUNTER [:] TIMER
TRANSLATION THRUSTERS A 3840 MSEC
8 o MSEC
c 38Y0 MSEC -
D o MSEC
TOTAL 7L80 MSEC
ATTITUDE THRUSTERS 82 0 COUNTS
83 5 COUNTS
8y 0 COUNTS
bL 5 COUNTS
b3 Py COUNTS
1| o COUNTS
TOTAL 30 COUNTS
{1 COUNT = 280 MSEC)
FUEL TANK STATUS:
DATE g40430 [ 121 ﬂosa'ﬁ/ 122
TIME /60739 - 17%.3z2 (1) 065137 - o83e3y _ (2)
REV 879 %83
PRESSURE 271.0S PSIA 270.90 PSIA :
TEMPERATURE o R
Tl )6 Yo Oc 14.Yo __C .
T2 /6.03 °C %.03 "¢ .
T3 17.32 oC e ¢ .
TIA 13.17 ¢ 13.00 "¢ o
HYDRAZINE J9%.52 LBS wewe LBS o

ATTITUDS DATA APPENDED
COMMENTS:
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(50F5) _
'
ORBIT ADJUST POSTBURN ANALYSIS
(0CG TO 0CC)
T0: Beuce  SHAPIRo X o1yt TIME: _ gYoSo¥ 210000 (2) ‘
FROM: Dick STRAFELLA X So49 TIME: 840504 210000 ()
' PLANNED REPLANNED ACTUAL -
DATE §4Y0430 [ 121 §490430 [ 121 840430 [ 121
REV 872 811 877
BURN TIME 211400 (Z) 2114903 (Z) 211403 (2)
TRANSLATION THRUSTERS [ ] B, D []s, 0 [Js.0
' [ . c [ c
[JA.B,C.D []Aa 8 ¢C0 []A.8,¢C, D
ATTITUDE THRUSTERS [S48. 0 [48. 0 [48. 0 ]
' [] A c []Ac [(Ja.c 1
YAW MANEUVER o DEG o DEG o DEG
PITCH MANEUVER S DEG o DEG o DEG .
TOTAL TRANS. DURATION Y MSEC Jcto MSEC .80 MSEC ]
i TOTAL ATT. DURATION o MSEC o MSEC _s400 MSEC ,
" FUEL TANK STATUS 7]
; PRESSURE 271.23 _ PSIA 211.08 PSIA 271.05 __ PSIA g
; TEMPERATURE . . 5
- T JL. Mo C 1L.90 C /LYo oc d
| T2 Je.03  C o3 °C 1¢.03 0¢
T3 7.3y °C .32 °C 1732 °C
T1A 13,30 °C 13.07____°C _13.17 °C :
HYDRAZINE 5
TRANSLATION ~0.1t___ LBS —0.1L LBS -o.10 LBS ]
ATTITUDE o LBS P LBS Y LBS 1
) TOTAL To.lL LBS —o.lb LBS ~o0.17 LBS |
REMAINING 497.37__ LBS 497.97 LBS 497.77__ __ LBS
SEMIMAJOR AXIS CHANGE +0.159 KM +0.159 KM +0.157 KM =
: INCLINATION CHANGE +0.00 DEG +o.00 DEG +0.00 DEG )
'. ORBITAL PERIOD CHANGE 40.2. SEC r0.2 SEC +o._____ SEC .
> ]
TRANSLATION THRUSTER R
EFFICIENCY 0.9700 0.9700 0.9532
. PREDICTED TIME OF NEXT ORBIT ADJUST 8400 19
[X [ .
g COMMENTS: WRS ERROR WAS +9.9 Kmn . ]
R
: C-5
] -
- _.'»_'-t'_:
L o A e R s o




Bibl iography

1. AFSCN-0C-002. Air Force Satellite Control MNetwork
Communications Operations Concept, Revised Draft, HG
Air Force Satellite Control Facility, Sunnyvale AFS,
CA, June 22, 1983. (For Official Use Only)

2. Air Force Satellite Control Facility. "Air Force
Satellite Control Facility Data System Modernization
Program,” Briefing Slides. Undated.

{ : 3.Bachant, Judith and John McDermott. °*Ri Revisited: Four
i; Years in the Trenches,” The Al Magazine, Fall

1984, pp. 21-32.

4. Barr, Avron and Edward Feigenbaum, editors. The
Handbook of Artificial Intelliqgence, Vol II. Los
Altos, CA: William Kaufman, Inc., 1982.

~ S. Brodsky, Robert F. and Bernard G.Morais. "Space 2020:
%. The Technology, The Missions Likely 20-40 Years From
Now," Astronautics and Aeronautics. 20(4):54-73

(May 1982). :

Davis, Randall. "Expert Systems: Where Are We? And
Where Do We Go From Here?" The Al Maqgazine,
Spring 1982.

Davis, Randall and Jonathan King. "An Overview of
Production Systems." In E. Elcock and D. Michie
(eds.), Machine Interface. Chichester, England:
Ellis Horwood, 300-332.

Duda, R.0. "Knowledge-Based Expert Systems Come of Age,"
BYTE, Vol. 6, No. 9, September 1981, pp. 238-281.

Federal Systeme Division. Data System Modernization,
Command and Control! Segment, Stage II, System
Operations Concept, International Business Machines
Corp., Gaithersburg MD, Contract No.
F04690-81-C-0003, DSM Control! No. 7942367, Document
No. 040-004, 31 March 1983,

Gevarter, William. "An Overview of Expert Systems,”
U.S. Department of Commerce, Government Printing,
Washington, D.C., October 1982.

Gjermundsen, Edward, Captain, USAF. Air Force Space
Technology Center/YLC, Kirtland AFB, New Mexico.
Telecon interview and "Satellite Autonomy Briefing."

128

.........................................
................................................
..........................................

R T T, W vy

. P R T
PRIV PN, PP LI LN

. .
O PR

.

Ad ot

A a




12. Hayes-Roth, Frederick, Donald Waterman, and Douglas

; Lenat, editors. Building Expert Srstems.
r. Reading, MA: Addison-Wesley Publishing Co., 1983.
y|

[ 13. Hendrix, Gary and Earl Sacerdoti. "Natural Language
' Processing, The Field in Perspective," BYTE,
September 1981.

14. Jackson, Lt Col, USAF. Air Force Space Division/VO, o
Sunnyvale AFS, CA, October 1984. Telecon.

T

15. Kinnucan, Paul. "Computers That Think Like Experts,”
High Technologqr, January 1984.

Marsh, Alton K. "NASA to Demonstrate Artificial
Intelligence in Flight Operations,” Aviation Week
and Space Technology, September 17, 1984, p. 79.
Interview with Robert Savely, NASA Johnson Space
Center.

Marshall, Michael. "Goals for Air Force Autonomous -
Spacecraft,” Report No. SD-TR-81-72. Jet Propulsion
Laboratory, California Institute of Technology,
Pasadena, CA, 31 March 1981. .

Newell, Alan and Herbert Simon. Human Problem ’
Solving, Prentice—Hall Incorp.: Englewood Cliffs, ——
NJ, 1972,

Nilsson, Nils J. Principles of Artificial
Intelligence. Palo Alto, CA: Tiogo Publishing
Co., 1980,

O & M Training Section MS-40. SCF Telemetry, Tracking -
and Command System Orientation, Course No. 1146, Ford o
Aerospace and Communications Corp., Space Missions
and Engineering Services Operations, Sunnyvale, CA,

Contract No. F04490-81-C-004, January 1983.

Picciano, Wayne and Michael Humnicky. "Satellite Control
System (SCS) Final Report Volume I; Functional and
Performance Requirements,®” Report No. SD/TR 8025, AD
B089 5156. Stanford Telecommunications, Inc.,
Sunnyvale, CA, Contract No. F04701-79-C~-0045, 15
December 1980.

Pivirotto, Donna and Michael Marcucci. "Assessment of
Autonomous Options for the DSCS IIl1 Satellite
System." Report No. TR 81 87, AD A1046 0462, 043, 044.
Jet Propulision Laboratory, California Institute of
Technology, Pasadena, CA, Contract No. NAS?7 100, &
August 1981.

129

................................................................................
...............................................
......................................................




MO T AN A i e e RN e i A L LR v P e — v o TV T Y

Smith, Sarah. The LMl Lambda: Technical Summary, Los N
Angeles, CA, 1984. E
"Spacecraft Survivability Boost Sought," Aviation ;fﬁi
Week and Space Technoloqy, 118(24): 44-47 (14 -:ni
June 1980). S

Stanford Telecommications, Inc. "SCS Transition Plan, L
Vol IX," Report no. SD/TR 8023 for HQ@ Air Force Space AR
Division, contract F04701-79-C-004S, Febuary 1980.

Strafella, Richard and William Weston. Personal
interview at Goddard Space Flight Test Center,
Greenbelt, Maryland, September 1984.

4
Theis, Douglas. "Spacecraft Computers: State of the Art
Survey,” Computer, IEEE Series, April 1983.

-
R
s
Sl
- 9
-

130 fﬁ{;g




...........

ViTA

Captain Michael A. Wright was born on 10 March 19568 in
Pontiac, Michigan. He graduated from Avondale Senior High,
Auburn Heights, Ml in 1974. He attended the United States
Air Force Academy and graduated with a Bachelor of Science
in Political Science/International Affairs in 1978. After
graduation, he went to technical training for Signal
Intelligence Officers and arrived at his first duty
assignment, the &993rd Electronic Security Squadron (ESS),
Kelly AFB, Texas in January 1979. He served as Squadron
Section Commander and Flight Commander before moving to the
6924th ESS, Wheeler AFB, Hawaii in October 1980. Captain
Wright was a Flight Commander at the 6924th until entering
the School of Engineering, Air Force Institute of

Technology, in May 1983,

Permanent address: 1215E Kirts
Troy, MI 48084

131

.......................

........................................................
.......................................................................

[




SECURITY CLASSIFICATION OF THIS PAGE
= e e

REPORT DOCUMENTATION PAGE

1b. RESTRICTIVE MARKINGS

1a REPORT SECURITY CLASSIFICATION

UHCLASSITTTD

2a. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for nublic release
dlstribution unliudted

5. MONITORING ORGANIZATION REPORT NUMBER(S)

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE

4 PERFORMING ORGANIZATION REPORT NUMBER(S)

AFIT/650/o5 /9P-9

6a. NAME OF PERFORMING ORGANIZATION

b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

(If applicable)

Sebpol of ¥ rine
6¢c. ADDRESS (City,. State and Z1P Code)

Alr rorce Institute of “echmwlo:ry

ASTI/TAS

7b. ADDRESS (City, State and ZIP Code)

Wrio .t Patterson AR

O 5433

8s. NAME OF FUNDING/SPONSORING
ORGANIZATION

ADDRESS (City, State and ZIP Code)

8b. OFFICE SYMBOL
(1f applicable)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

A’

10. SOURCE OF FUNDING NOS.

@ PROGRAM

ELEMENT NO.

; Air Foece Space Technolory Center

PROJECT
NO.

TASK
NO.

WORK UNIT
NO.

’ Cdrtland AFS, M 87117

11. TITLE (Include Security Classification)

-

NEORES

13b. TIME COVERED 14. DATE OF REPORT (Yr, Mo., Day) 15. PAGE COUNT
— = 1581 Decenber— 137
Caz
COSAT!I CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB. GAR.

oL Al Artificial Iutelllrence, military satellites,

T e

it pN expert systers. satellite autonoyy.

19. ABSTRACT (Continue on reverse if nece

"M everse

ssary and tdentify by block number,

lyro;od fog pybl!c releczer IAW AFR 190.19,

IRV 4

G Lok ;

: E. WOLAVER pifel &

A;&X; fer becciien ~ag Prctessiangl Development
[y o ," T B 1Y

Wrigat tatie s o I (e

ﬁ%

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT

UNCLASSIFIED/UNLIMITED Q same as reT. O oTic users O

21. ABSTRACT SECURITY CLASSIFICATION

LCLASSIFTE S

22b. TELEPHONE NUMBER
tInclude Area Code/

22¢. OFFICE SYMBOL

SIS

SECURITY CLASSIFICATION OF THIS PAGE

L A el d




AR A At AR it AR ~aiary - —_—— -y T —— g —_
Piditniing 4 . . e~ ry . omn Jee sae ol

SECURITY CLASSIFICATION OF THIS PAGE

T IR T
L

This study determined the feasibility of implementing
Artificial Intelligence techniques on orbiting spacecraft. The
main thrust was to evaluate the current technology of expert
syetems and determine their value to satellite tasking. The goal o
for an expert system to be effective was that it must be able to M
perform spacecraft stationkeeping without ground assistance. »

Analysis began by outlining the basic functions of the DSCS :
111 and noting deficiencies as measured against an “autonomy
scale." Many of the defeciencies could be corrected w' %
conventional computer programming, but stationkeeping requir A .
techniques for proper execution. Expert systems were n -
examined and studied for applicability to the primary task of .
orbit maintenance. R1, an expert system designed to perform
computer configuration, was found to be a good baseline for
comparison and further development. The process of orbit
maintenance, as currently done by human experts, was explained and
outlined for expert system desian. Finally, a cost analysis
provided information which supported further development of Al
technology for spacecraft implementation.

;ij}'!,

Er RS

&
L

J

SECURITY CLASSIFICATION OF THIS PAGE

rem et e e m e e e e e e L T T S S - '
et LI I A L P S S P T e e L S S S ST T S S S PRI bl TSRS U

PR S P e i e T T e A AN TR ) P A P A FUIRPR L SRR IR DRI
. o S A S e el e e e e L e T e T T T T e e e C T S, SN N . =
o R R P R A A A A A A R A A A A A AT A i R I I R A AT A
i o s Anadoodesdnsdaeineniondnoiedutdnndetde PR A A VR ALy PN N P WA VAR WY PP Ayt

......










